
AD-A240 298

M r Research Center
B~ieha, MD 20084-6000

DTRC-SME-91/34 July 1991

* Ship Materials Engineering D6partment

Resoarch and Development Report

Analysis of Strain Dependent Damping in
F Materials via Modeling of Material Point

Hysteresis
by

_E.J. Graesser*
C.R. Wong

-S *ASEE/ONT Postdoctoral Fellow
cm

E

OTIC
% EP.13lS9 fSB

S91- 10445

Approved for pubWc reome; dslbulon un•med.

91 . 12 062



V

CODE 011 DIRECTOR OF TECHNOLOGY, PLANS AND ASSESSMENT

12 SHIP SYSTEMS INTEGRATION DEPARTMENT

14 SHIP ELECTROMAGNETIC SIGNATURES DEPARTMENT

15 SHIP HYDROMECHANICS DEPARTMENT

16 AVIATInN DErARTMENT

17 SHIP STRUCTURES AND PROTECTION DEPARTMENT

18 COMPUTATION, MATHEMATICS & LOGISTICS DEPARTMENT

19 SHIP ACOUSTICS DEPARTMENT

27 PROPULSION AND AUXILIARY SYSTEMS DEPARTMENT

28 SHIP MATERIALS ENGINEERING DEPARTMENT

DTRC ISSUES THREE TYPES OF REPORTS:

1. DTRC reports, a formal series, contain information of permanent technical value.
They carry a consecutive numerical identification regardless of their classification or the
originating department.

2. Departmental reports, a semiformal series, contain information of a preliminary,
temporary, or proprietary nature or of limited interest or significance. They carry a
departmental alphanumencal identification.

3. Technical memoranda, an informal series, contain technical documentation of
limited use and interest. They are primarily working papers intended for internal use. They
carry an identifying number which indicates their type and the numerical code of the
originating department. Any distribution outside DTRC must be approved by the head of
the originating department on a case-by-case basis.

NDW-DTNSRDC 5602150 (Rv 2-88)



David Taylor Research Center
Bethesda MD 20084-5000

DTRC-SME-91/34 July 1991

Ship Materials Engineering Department

Research & Development Report

Analysis of Strain Dependent Damping in
Materials via Modeling of Material Point

Hysteresis

by
E.J. Graesser*

C.R. Wong

*ASEEONT Postdoctoral Fellow

Approved for public release: distribution is unlimfited.



CONTENTS

ABSTrRACT ............................................................................................................................. I

ADM INISTRATIVE I N RM ATION .................................................................................... 1
INTRODUCTION .................................................................................................................... 1
ANALYSIS .............................................................................................................................. 4
SUM M ARY ............................................................................................................................. 17
REFERENCES ......................................................................................................................... 27
APPENDIX A .......................................................................................................................... 29
APPENDIX B .......................................................................................................................... 33
APPENDIX C .......................................................................................................................... 37
APPENDIX D .......................................................................................................................... 41
APPENDIX E .......................................................................................................................... 46
APPENDiX F ........................................................................................................................... 51
APPENDIX G .......................................................................................................................... 57
APPENDIX H .......................................................................................................................... 63

FIGURES

1. Strain Amplitude Dependent Damping in Fe-Cr Based High Damping Alloys ................. 19
2. Generalized Macroscopic Hysteresis of Nonlinear Damping Materials ............................ 19
3. Strain Dependent Damping of Cu-Mn in Separate Bending and Torsion Tests ................ 20
4. Hysteretic Behavior Calculated for Pure Axial Loading ................................................. 20
5. Hysteretic Behavior Calculated for Pure Shear Loading ................................................. 21
6. Strain Amplitude Dependent Damping for Pure Axial and Shear Loading ...................... 21
7. Energy Absorbed in Axial and Shear vs. Peak Axial and Shear Strains ............................ 22
8. Energy Absorbed in Axial and Shear vs. Peak Equivalent Strain .................................... 22
9. Amplitude Dependent Damping in Axial and Shear vs. Peak Equivalent Strain ............... 23
10. Schematic Drawing of Strain Profile in Bending and Torsion Geometries ..................... 24
11. Amplitude Dependent Damping in Bending and Torsion vs. Peak Surface Strain ...... 25
12. Amplitude Dependent Damping in Bending and Torsion vs. Peak Equivalent Strain .......... 25

Accession For

NTIS GRA&I
DTIC TAB El
Unaun:•urw• c-d E

Dlstrib*,ticn!

Av&~'uicb:ty CodesQ

List I Special

DTRC-SME-91/34 iii



ABSTRACT

A constitutive relationship was used to mod(l the cyclic material response of damping
test samples in separate bending and torsion configurations. This was done in order to better
understand variations in reported values of damping for materials possessing strain dependent
characteristics. The constitutive equations are based on a model of shape memory alloy stress-
strain behavior and have been adapted especially for the study of nonlinear hysteresis and the
problem of strain dependent damping. Experimental measurements and analytical material
response analyses of separate bending and torsion test samples indicated that when the damping
of a single nonlinear material is plotted against the one-dimensional local strain of the sample,
results are produced which are difficult to compare. However, when the same results are plotted
against an invariant measure of three-dimensional distortion the means by which one may
compare the data is more straightforward. Also, the approach allows for a quantitative
comparison of the damping at a material point to the overall damping. The method can be
applied to any homogeneous isotropic nonlinear damping material.
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INTRODUCTION

In addition to add-on damping techniques currently being used in the Navy, material

damping is being investigated as a potential means of further reducing machine vibmation, noise,

and sound emission in seafaring vessels. Ideally a high damping structural material provides a

sufficient amount of both stiffness and damping so as to be used as a sole machine part or

vibrating element without added treatments. Such materials are most useful for oscillating parts

or elements that cannot be damped by conventional external treatments. Also these materials

can be useful in situations where heat or other environmental factors (e.g. mc~sture, corrosion)

have to be considered. This approach is also useful in damping longitudinal vibrations which

cannot be effectively controlled by external treatments.
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Because high stiffness and strength are required in many important applications, metals

which possess a large inherent damping capacity have been extensively sought [1,2]. Some

specific applications include gears and gear webs, pump casings, engine paris, propellers, and

others (see [1]). High damping metals are Edso used as plug inserts and cladding, and such

applications can provide a reduction of resonant amplification factors as well as the attenuation

of ringing [I].

Generally "high damping" in metal is a measured peak loss factor or phase lag with a

value of 10-2 or higher. Indeed many alloy compositions have been studied and found in possess

such levels of damping (e.g. see [3-8]). Mechanisms which give rise to damping in metals

include: movement of point dtuects, dir-ocwZions or domain walls. These effects give rise to

macroscopic hysteresis and thus damping. The damping capacity of high damping metals is

st.rain dependent because the primary damping mechanisms function over a finite strain range.

Such effects give rise to a weil defined peak in the plot of measured damping vs. specimen strain

"amplitude. Examples of magne'ostrictive metallic materials exhibiting strain-dependent

etamping are given in Fig. 1. This tyle of rcspcnse is termned "nonlinear" because the measured

damping capacity varies with specimen strain amplitude.

A generalized stress-strain diagram corresponding to a relatively large cztegory of

nonlinear damping mechanisms is illustrated in Fig. 2. Note from this figure that the damping

mechanism is activated near a critical stress a. and becomes saturated at a strain of c0. This type

of hysteretic response can be associated with a number cf nonlinwar anelastic damping

mechanism.s. For example, in dislocation breakaway a minimum strss is required te force

dislocations over nearby pinning points during loading. Upon unloading the elastic strain energy

stored in the lattice of the material may be sufficient to move the dislocations back to their

original positions. The net effect of this process is an elastic response with internal friction.

Other nonlinear anelastic damping mechanisms include the movement of mobile domain

boundaries. Ferromagnetic domain walls, twin boundaries, antiferromagnetic domain walls, and

phase domain walls fall into this category. Usually, a finite amount of stress (oC) is required to
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initiate this type of mechanism, i.e. a specific amount of stress is required to overcome an energy

barrier so that the boundaries may move. Release of the applied stress subsequently causes the

mechanism to act in reve?-'e because the elastic strain energy stored in the material is sufficient

to move the boundaries back across the energy barrier. Again the net effect is an elastic

response with energy dissipation due to internal friction. Also, these mechanisms may become

saturated at a limiting value of strain. For example, the magnetic domains in high damping

ferromagnetic alloys are arranged in a randomly criented pattern when the material is unstressed.

However, upon application of a uniaxial stresw the domains change their orientation and tend to

align themselves in the direction of loading as the stress is increased. Once these domains

become fully aligned any further stress cannot cause relative motion of the domains and the

mechanism is said to be saturated. The amount of energy that can be dissipated by this type of

damping mechanism is therefore limited to a fixed value for cyclic strain amplitudes greater than

the limiting value of strain corresponding to saturation (sO).

The data obtained for a single strain dependent material in varied test configurations is

often difficult to compare because of the inherent strain distributions that arise from the loading.

Data from separate bending and torsion tests [3] given in Fig. 3 shows this effect; indeed the

results indicate that the torsional tests produce significantly higher values of damping for

common levels of peak sample strain. Also, the damping rises more steeply with peak sample

strain in the torsion test. However it is important to note that the strains on the abscissa are shear

strains in the case of torsional data and axial strains in the case of bending data and these

separate strains are not equivalent; indeed axial strains give a measure of length change while

shear strains refer to the distortion of right angles This is an important aspect of the problem

which will be discussed in the analysis section of this paper.

Strain dependent materials are, at best, difficult to model analytically because of their

nonlinear characteristics. Early work in this area concentrated on evaluating the damping of

members by combining material energy absorbing properties with geometric and stress

distribution factors [9,10]. Another approach is to use a constitutive law which describes
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nonlinear material behavior and hysteresis at a point, and this approach will be used here. Many

such laws exist (e.g. see [11,12]), but these are usually specific to postyielding viscoplastic

behavior and large strain levels. In this paper a proposed constitutive law [13,14] for the stress-

strain behavior of shape memory alloys is adapted to the case of nonlinear damping. The

equations of this law were applied to the cases of simple uniaxial tension-compression and shear

loading of materials. Solid geometries of beam and shaft test samples in bending and torsion

were also considered. The strain dependent nature of each test configuration was computed, and

because this behavior was of primary interest, temperature and frequency effects were not

considered.

ANALYSIS

A three-dimensional constitutive law of hysteretic material behavior was employed so

that a useful study of strain dependent damping could be made. This law is based on the three

dimensional generalization [14] of a one-dimensional model of shape memory alloy (SMA)

stress-strain behavior [13], where the extension from one to three dimensions follows a method

originally developed by Prager [15] (for a detailed development regarding this extension method

see [16,17,14]). This choice of modeling schemes was pursued because the hysteretic response

of superelastic SMA's is very similar in character to that of high damping metals (see Fig. 2),

except that the stress and strain levels are different by many orders of magnitude. This does not

prevent the use of the constitutive law, however, as long as the material properties of the law can

be scaled to accommodate the lower stress and strain levels associated with the dissipative

mechanisms of the damping material.

The constitutive law is for homogeneous and isotropic material behavior and is based

upon a separation of strain and strain rate into elastic and inelastic components:

Eij = Eie + Ein (la)

Eii=Eij 8.

e.l .in
4ij = Iij + ECiE (1b)
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Here an overhead dot represents differentiation with respect to time. Thus eij and iij are the

three-dimensional tensors of strain and strain rate, and the superscripts "el" and "in" designate

the respective elastic and inelastic components of each. The elastic component follows directly

from the theory of isotropic elasticity [17]:

0i l+v vii = E (2)

where oij is the stress tensor, 6ij is the Kronecker delta', and where E and v are the elastic

material constants.

The basic equations for the evolution of inelastic strain were taken from the previously

cited model of shape memory alloy behavior. In this model the growth of inelastic strain is a

function of a backstress tensor ik, which is a variable that accounts for internal stress fields in

the material, as described by the following set of equations:

.in =+ []ln-1 ( -bi(

T32 [q32 inCI-Crf2"/• {[i]} (3)

bi =Ea enj + -f, e" erf7- [2qL- (_2 4

Here eij, sij, and bij are the deviatoric tensors of strain, stress and backstress respectively; the

difference sij - bij is often referred to as the effective stress. The quantities 12, J2, and K2 are the

second order invariants of the deviatoric tensors of strain, dimensionless effective stress, and

strain rate, respectively; these quantities are defined below:

1 1 1.
eij = 9ij -3  kk 6 ij ' I2 = ij eij 2, = 2eij eij

sij = ij" - okk 6ij

bij-1 if ij=j, 6ij-fo ifj, iij,•-,•
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si ... i~ s__ -b

bij = iJ P3ick cij J2"2 Oa (c

Thus the growth of inelastic strain is a function of stress, backstress, and strain rate. Also, note

here that plus sign appearing with the radical sign of the square root of the invariants in Eqs. (3)-

(4) indicates that the square root, once taken, is to be positive (i.e. the absolute value of the

square root). The tensor eij is known as the distortional component of strain because, by

definition, it subtracts the dilatational component of deformation out of the strain tenmor ij-

Therefore, 12 represents a measure of volumetric distortion that is invariant with respect to

coordinate transformations, and this will be an important quantity in the forthcoming discussion.

The material constants in Eqs. (2)-(4) are:

E: Young's extensional elastic modulus
v: Poisson ratio of elastic material
oc: minimum axial stress necessary to activate the damping mechanism
a: constant which determines the slope of the inelastic region

= Ey/(E - Ey), where Ey is the inelastic slope
n- constant controlling the sharpness of transition from elastic to

inelastic behavior
fT: constant controlling the size of the hysteresis loop
a: constant controlling the amount of elastic recovery during unloading

Also, Eqs. (3) and (4) contain two special functions: the error function, erf(), and the

unit step function, {u( )}. Simply stated the purpose of the error and unit step functions

contained in Eq. (4) is to allow for the recovery of accumulated inelastic strain during unloading,

and thus simulate the unique behavior of superelastic materials [13,14].

Let us take a moment to explaiii the role of the inelastic response in the modeling of

strain dependent damping. The inelastic component of strain is responsible for the dissipation of

energy that takes place in cyclic loading. Equations (1)-(4) have been used to represent the

macroscopic stress-strain behavior of shape memory alloys, and especially superelastic materials

[13,14]. The hysteretic character of superelasticity is macroscopically similar to that of

nonlinear anelasticity except that the respective stress and strain levels of each type of response

6 DTRC-SME-91/34



are different by many orders of magnitude. Therefore, the inelastic response governed by Eqs.

(3)-(4) can be used to repescnt the macroscopic effect of a nonlinear anelastic damping

mechanism.

By using Eqs. (1)-(4), a number of special cases can be considered. First let us consider

the cases of uniaxial tension-compression and pure shear loading. The state of uniaxial loading

(superscript u) is described by:

ri, r0i 0 I0
9= = o o o la = 0 [0o

o o -IL o0 0 -Pi ooo 0o000

Here F, a, and 03 are the axial strain, stress, and backstress in the x direction of Cartesian space,

respectively. Also the lateral strain and strain rate induced by the Poisson effect (-K and -jx)

are associated with the coefficients IL and p respectively. Strictly speaking, g and p are neither

constant nor equal due to the nonlinear effect induced by the damping mechanism. In order to

evaluate these coefficients the lateral strain and strain rate are decomposed into elastic and

inelastic parts and we will assume that volume changes induced by axial loading are associated

only with elastic deformation. Thus the inelastic part of the strain and strain rate are associated

with incompressible behavior as is done in the theories of plasticity and viscoplasticity [17].

This assumption is plausible since the damping mechanisms involve movement of dislocations,

point defects, domain walls, or polymer chains none of which induce a change in volume. Using

this assumption, the elastic component of the lateral strain is related to the elastic Pxial strain by

the elastic Poisson ratio v, and the inelastic component is rHated to the axial inelastic strain by

the Poisson coefficient of incompressible deformation (which is 0.5); therefore -K -,-rA - .50n.

Similarly, the lateral strain rate is -p -- viCl - .50in. Using these relations it can be shown

(Appendix A) that IL and p are:

DTRC-SME-91/34 7
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1 1'do

Thus IL and p are clearly variable coefficients which are not necessarily equwl to each otber.

For the conditions of pure shear loading (superscript s) we have:[ 010 robG .ý0
2 2 0T "

S .S S

Ei 0 0 Ei o 0ij = 'to0 0 0 0

2 2 002

Here y and • are the engineering shear strain and strain rate, ,r is the shear stress, and • is the

shear backstrmss in the xy plane of Cartesian space.

By using the appropriate stress, backstress, and scrin tensors, as well as their respective

deviators and associated invariants, Eqs. (1)-(4) produce the following uniaxial equations:

[3 OCl 70C

---= E E-+f IT erf[f I+ E J]

If the behavior i. only a small departure from elasticity then ji w p - v; conversely if a condition

of strain and strain rate ex'sts where inelastic behavior dominates and where o/E ,< E and da/dE ,

E then the response is essentially incompressible with I, - p w.5. Now, since I and p appear

only in terms assocated with inelastic strain, the previous equations can be simplified by setting

both Poisson coefficients equal to 0.5. This does not greatly affect the namerical results sirce

these terms will be significant only in the inelastic region (i.e. when aciE < e). Thus we obtain:

O=E[•,-II io -c 01 1 c-' (5)

f3 = Ea e - + fT erf(a fu(t-Ei)}] (6)
L E erf9as)
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For the case of pure shear loading the governing differential equations are:

"[Y T -- -+ J-fT erf ra u (8)

where

G = E is the elastic shear modulus

CF is the shear stress whereupon the damping

mechanism is activated

Note that -r. falls out of the formulation automatically in a manner that is consistent with the

theory of maximum distortional strain energy [18]. This is because Eq. (3) is dependent on the

stress gradient of a potential function [14,16] that contains a Bingham type condition for the

onset of the inelastic damping mechanism.

As noted before, the damping mech inisms become saturated at an axial strain of FO. This

differs from SMA hysteretic behavior and therefore the model must be modified. The

modification consists of specifying that the growth of inelastic strain be stopped at a saturation

limit beyond which linear elastic behavior once again takes place. To do this the second term in

Eq. (5) is multiplied by the unit step function {u(E* - IED}. At levels where E < 0, {u(Eo-IED}=1

and inelastic growth of Wrain may proceed, but when e ! E0, {u(s.-IEDI}=O and continued loading

beyond z is elastic. Similarly, for saturation of damping mechanisms in shear the second term

on the right hand side of Eq. (7) is multiplied by {u(yo - Dl}, where yo is the shear strain of

saturation.

Since we are modeling materials which are both homogeneous and isotropic, the

saturation process in more general three-dimensional loadings can be represented by a value of

the invariant 12 which is determined from either ze or y.; we will call this value Ie. Thus

DTRC-SME-91/34 9



saturation is determined by a specific amount of distortion, and the unit step functions {u(O-IEI)}

and {u(yo-Ny)} can be obtained from {u(-VRi- - f }.

To summarize, the equations that are set forth to represent the respective three

dimensional, axial, and shear responses of nonlinear anelastic materials are as follows:

n---i bicj3D: im= 43K~ (ý J3J2J ý - j lu 43-IZ -V32J1 (I

i° 2" CFC 1 2} (11)

[ ° 2
Axial: 6 =E i~-ji IUCI2 n-1 f2:1 {F-plfu(EO - JEDJl(11

I (Ic" G

1 = &it E - + fT erf(ac) {u(--E)} (12)

Shear: i=G[i-lIII n- {u(Y- II)N (13)

Ea {u(-T )}] (14)

where
2(1 +v)~2(1= + v is strain limiting inelastic growth in shear

The hysteresis loops associated with axial and shear behavior are produced by numerical

integration of Eqs. (11)-(12) and (13)-(14), and by specifying a sinusoidal history of strain input

with amplitudes of t in the axial case and yp in the shear case (Appendices B and C). These

amplitudes were specified to be greater than the saturation strains so that the full character of the

predicted response could be plotted. The results of calculations for the axial and shear loading

conditions are given in Figs. 4 and 5 respectively. Both figures possess the same characteristics:

10 DTRC-SME-91/34



elastic behavior dominates in the region of the origin as well as outside the limiting strain, and a

hysteresis loop is manifested in the full cycle of strain application. The area enclosed by the

hysteresis loop represents the energy absorbed by the material per cycle of oscillation, and this

quantity is denoted as AW. An elastic modulus of E = 28.5x106 psi and saturation strain of 0 =

0.0001 were selected based on the elastic modulus and approximate strain of peak damping in

Fe-Cr alloys (see Fig. 1). The remaining material constants used in the calculations which

generated Figs. 4 and 5 were not selected to reproduce the behavior of any specified damping

material; rather they were selected to approximate a typical pattern of hysteresis in nonlinear

damping materials and to permit investigative analyses. It should be noted that the numerical

results generated by the constitutive equations were obtained by Runge-Kutta fourth order

integration, and these results for the material response were strain rate independent. Also the

elastic and inelastic material properties (i.e. E, Ey, and ac) are accurately reproduced in

numerical calculations [14].

By having numerical results of the type just presented, we can now compute the damping

according to the definition of the loss factor, il, defined as

AWT- AXW (15)

where AW is defined as given above, and W is a measure of stored energy most often selected as

W = Imaxo (16)1maz

By using Eqs. (11)-(12) and (13)-(14) in calculations for the cyclic material response over a

range of peak axial and shear strains, and computing the loss factor associated with each peak

strain according to Eqs. (15) and (16), the general character of the damping vs. strain diagram of

nonlinear materials was produced (computer algorithms are given in Appendices D and E); this

DTRC-SME-91/34 11



is shown in Fig. 6. Note that both curves possess the characteristic damping peak associated

with nonlinear damping materials.

However the separate curves in Fig. 6 representing axial and shear loading differ

significantly with respect to one another, and this can make the results difficult to interpret. In

an effort to understand these results, the amount of energy absorbed in each loading

configuration was evaluated. The amount of energy absorbed is plotted as a function of peak

strain in Fig. 7. Above the respective axial and shear saturation strains the amount of energy

absorbed by the material is essentially the same for both loading configurations, their difference

being less than 1%. Therefore the difference in the character of the two separate responses must

be due to other factors.

It turns out that the plots given in both Figs. 6 and 7 are misleading because the abscissa

of these figures represents values of strain associated with separate axial and shear loading

conditions, and the strains associated with these separate conditions are not equivalent. Since

damping is a material property, it is desirable to plot strain dependent material damping values

using a measure that will unify the curves from separate tests. Such a method would also

provide a basis by which to present and compare damping data for a variety of materials.

Therefore another measure of deformation equivalent to both types of loading needs to be

employed. One such possibility is to use a measure of distortion rather than strain. Let us define

an equivalent strain 1 as follows:

E =' 43-(17)

This measure is similar to the effective plastic strain in plastically deforming materials [17]. It is

clear that ! has a physical meaning that is independent of the choice of coordinate axes since it is

based on the invariant 12, which is the second invariant of the deviatoric strain eij. Therefore 9 is

an invariant measure of distortion.

12 DTRC-SME-91/34



By considering the separate conditions of axial and shear loading, and by taking the

variable Poisson coefficient to be the elastic constant v for axial case, the equivalent strains for

each condition are:

" u = (1 + v) e (uniaxial loading)

s= 2y (shear loading)

Using the peak equivalent strains of axial and shear loading in place of the peak strains used in

Figs. 6 and 7 produces a more consistent pattern of results. This is shown in Fig. 8 where the

energy absorbed as a function of I is in very good agreement along the entire abscissa for both

cases. In Fig. 9 the loss factors of the axial and shear loading cases are also plotted against the

peak equivalent strain. Even though the peaks of the separate curves are not of equal magnitude

the results in this figure are now very similar; indeed the rise and fall of each curve follow the

same trend and the peak oa each damping curve occurs at approximately the same level of

distortion.

The peak of the loss factor curve for shear loading is slightly higher than the peak of the

axial loss factor curve due to a smaller value of stored energy in the shear loading case. This is

another complication that arises from the nonlinear nature of the of the stress-strain material

response and (for equal amounts of distortion) causes the value of peak shear stress to be lower

than the peak axial stress. Consequently, at equal levels of distortion, the measure of stored

energy (Eq. (17)) will be larger in axial loading than in shear and this will cause the loss

modulus in shear to be greater than the loss modulus in axial loading.

Bending and torsion are common configurations in which to measure damping. The

solid beam has length L and rectangular cross-section of width b and thickness h. Although the

stress-strain response is nonlinear we can consider both cases ia a simple fashion because the

response takes place in a manner which gives symmetric behavior for positive and negative

strains. When considering bending and torsion problems with pronounced plastic deformation

DTRC-SME-91/34 13



and nonsymmetrical stress-strain responses, then special considerations must be made when

computing the acting moments [17].

Schematic illustrations of bending and torsion are shown in Fig. 10. The torsional solid

shaft has length L and circular cross-section of radius R. Note that the strain profiles in each

geometry are linear, passing through zero at the position of the neutral axis of the beam and

starting at zero at the center of the shaft. Also note that Ep is the value of the axial strain at the

beam surface while yp is the value of the engineering shear strain at the shaft surface. The

angles 0 and * are the curvature of the bending beam and the angle of twist of the shaft

respectively. Because the problems under consideration involve only small strain, the following

simple relations can be used to compute the moments and angular displacements for the beam

and shaft geometries respectively:

M=-f yodA and 0 (beam)
A

andYPL (shaft)

T=f rrdA adR
A

Here y is the vertical distance from the neutral axis of the beam cross-section, a is the axial

stress in the longitudinal fibers of the beam, and M is the resultant moment bending the beam;

for the shaft r is the distance from the center of the circular cross-section, r is the shear stress

due to torsion, and T is the resultant torque twisting the shaft. The equations given above

relating 0 and ý to sample dimensions and surface strain amplitude are easily deducible from

simple geometrical arguments which involve the knowledge of a linear strain profile and the

restriction of small strains.

In the numerical analyses associated with these bending and torsion tests, the surface

strains of each test sample were specified to act sinusoidally in time. Each geometry was

subdivided into a large number of finite, but thin, subsections (i.e. the infinitesimal distances dy

14 DTRC-SME-91/34



and dr in Fig. 10 were replaced by small but finite distance Ay and Ar respectively). Also, the

strain distribution for each finite subsection was assumed to be constant over the subsection

thickness and the value of the strain was taken as the value ot the strain profile at the center of

the subsection. Knowing the strain profile of the cross-section of each geometry and the history

of the respective surface strains, the stress history for each subsection of the geometry was

computed numerically. Specifically, Eqs. (11)-(12) were integrated to give the stress profile

time history of the bending beam and (13)-(14) were integrated for the shear stress profile time

history of the shaft (see Appendices F and G). Then the following formulas were used to

compute the resultant moment and torque histories of the beam and shaft:

N
M = -b•y (Yoi Ay

i-1

N
T=23nrj2rA

i=1

where N is the number of subdivisions making up the cross-sectional geometry and where the

subscript i indicates reference to the location of a single subsection.

The loss factor of each sample geometry was then calculated for a specified value of

surface strain amplitude according to Eq. (15) where AW was determined by the area enclosed

by the resultant moment vs. angular displacement hysteretic response and W was determined by

IW = j m(ax Mie (beam)
Oma'

W = maj T (shaft)

The damping values which were computed in this way were found to be independent of sample

geometry, i.e. for a given surface amplitude the ratio of AW to W remained constant for changes
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in cross-sectional size, sample length or both. This effect is due to the fact that a proportional,

volume of material is undergoing deformation wherein the damping mechanism is activated and

this proportion of volume is constant irrespective of sample size for both simple bending and

torsion.

In Fig. 11 the loss factor was plotted against the surface amplitude for both the bending

and torsion cases by repeating the calculations over a range of surface amplitudes. Note that the

character of the damping vs. surface amplitude curves are different with respect to one another.

This is analogous the trend shown earlier in Fig. 6 for one dimensional behavior. Also, by

comparing Fig. 11 to Fig. 6 it is clear that the character of the damping vs. peak strain curve of

each sample is quite different than that corresponding to the respective one-dimensional material

point responses. This is due to the strain dependent nature of the damping and the fact that strain

is nonuniformly distributed throughout the sample; therefore some regions of the geometry may

be contributing significantly to the overall damping of the solid sample while others are not.

Using Eq. (11) to calculate the amounts of peak equivalent strain at the surface of the

bending and torsion samples, Fig. 12 shows that the use of peak equivalent strain gives an

improved measure of correlation in the same manner that was exhibited earlier for the one-

dimensional cases.

Thus presentation of nonlinear damping data as a function of equivalent strain rather than

as a function of sample strain can be very useful. It is probably most useful in comparing

damping data obtained by different test methods. It may also be useful in design work where the

dynamic strains in a vibrating part or member are known. Along this line, let us briefly consider

an example where a designer wishes to use a high damping, but nonlinear, material in an

application where bending is the primary mode of deformation, and suppose that damping data is

available only from torsional tests. If the vibrational strain levels to be expected in service can

be deduced from load and design analyses, then these strain levels can be converted to the

measure of equivalent strain introduced in this paper. The designer would then be able to

estimate whether or not the material damping will be in a range of peak performance for the
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application of interest by applying the same conversion to the peak shear strains of the torsional

damping data.

SUMMARY

The work presented in this paper includes three major aspects; 1) modeling of nonlinear

(or strain dependent) damping behavior via constitutive equations, 2) relating the damping of the

material to the damping of a test specimen, and 3) a way of improving correlation of nonlinear

damping data via use of equivalent measures of distortion. These efforts were conducted in

order to gain a better understanding of macroscopic nonlinear high damping material behavior

and also to obtain a means in which to better correlate damping data from tests which use

different sample geometries. The modeling scheme applies to homogeneous isotropic materials

and is adapted from a constitutive model of the viscoplastic type through incorporation of

constants that represent the onset of damping mechanisms. Also the model was modified to

include damping mechanisms that become saturated after a given amount of strain. Analyses

were made to calculate the loss factor of the common damping test configurations of bending

and torsion. To do this material point relationships were used at a large number of points

making up the cross-sectional geometry. In this way it was possible to relate the damping of the

material to the damping of the specimen. The results did not depend on the relative dimensions

of the sample geometry; rather the calculated loss factors depended only on the mode of

deformation. The results showed that the strain dependent damping associated with each test

were difficult to compare when plotted solely against the peak surface strain of the sample

geometry. This is because the peak strains that correspond to each of these test configurations,

namely axial and shear strain, are different from one another. However if an invariant measure

of peak sample distortion is used in place of peak sample strain, then the correlation of the

nonlinear damping of separate bending and torsion samples improves considerably. Such an

improved capacity for the correlation of nonlinear damping data is very useful for comparison of

data obtained from different tests. Future research will include the modeling of specific
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nonlinear damping data. Also, constitutive model material parameters that are physically

motivated by the microstructure will be studied.
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LOSS FACTOR VS STRAIN AMPLITUDE IN 7 FE-CR BASED ALLOYS
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Fig. 1. Strain Amplitude Dependent Damping in Fe-Cr Based High Damping Alloys.
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Fig. 2. Generalized Macroscopic Hysteresis of Nonlinear Damping Materials.
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Fig 3. Strain Dependent Damping of Cu-Mn in Separate Bending and Torsion Tests [3].
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Fig. 4. Hysteretic Behavior Calculated for Pure Axial Loading.
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Hysteretic Model of Shear Loading with Elasticity Past yo
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Fig. 5. Hysteretic Behavior Calculated for Pure Shear Loading.
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Fig. 6. Strain Amplitudt, Dependent Damping for Pure Axial and Shear Loading.
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Energy Absorbed by Axial and Shear Hysteretic Models
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Fig. 7. Energy Absorbed in Axial and Shear vs. Peak Axial and Shear Strains.
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Figt 8. Energy Absorbed in Axial and Shear vs. Peak Equivalent Strain.
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Loss Factor vs. Peak Equivalent Strain: e =
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Fig. 9. Amplitude Dependent Damping in Axial and Shear vs. Peak Equivalent Strain.
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Bending Beam (Length: L, Width: b, Thickness: h)
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Fig. 1•.. Schenvatic Drawing of Strain Profile in Bending and Torsion Geometries.
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Strain Dependent Damping in Beam and Shaft Samples
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Fig. 11. Amplitude Dependent Damping in Bending and Torsion vs. Peak Surface Strain.
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Fig. 12. Amplitude Dependent Damping in Bending and Torsion vs. Peak Equivalent Strain.
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APPENDIX A

In this appendix, we will examine the Poisson effect associated with isotropic material

deformation with nonlinear inelastic effects. To do this first consider the strain tensor Eii

associated with pure axial stressing, i.e. without off-diagonal (shear) strains. The total strain is

made up of separate elastic and inelastic parts as follows:

el in
Eij = ii + 8.ij

where the elastic part (superscript el) is related to the stress by elasticity theory and where the

inelastic part is associated with incompressible deformation mechanisms (i.e. mechanisms which

operate without any associated volume changes; e.g. dislocation glide). Therefore, for the case

of uniaxial (superscript u) stressing

0 -vl•€ 0 + loin

.0 0 -VEC1] 0 -1in]

Note that the total axial strain is specified to be aligned along the x coordinate of Cartesian space

with Fel = o/E. This in turn leads to

.El + Oin 0 0[u 1+01 0v€ 1.1

F~i = i = -VEC .min 0 ]
0 0 -v~EO - Ii

Thus it is clear that the Poisson induced strains are composed of an elastic part which is

related o the eiastic strain by Poisson's ratio and an inelastic part which is related to the inelastic
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strain by the coefficient 1/2. By this process it is clear that the inelastic part of strain satisfies

the condition of incompressibility.

Now, by using Eel = o/E and e = Eel + Fin let us evaluate the Poisson induced strains in

more detail. First note that

.V E ¢]C- -M- _-V EE E1E 2 El- I 2I

Thus, by defining a variable Poisson coefficient g as

P~i=_ [1 1 - (Al)

it follows that

-IM = VEC - 7 (A2)

E~ = o-ja (A3)
0 0 -ILE

Now, from Eq (A3) we can compute the strain rate tensor tI.J

.u i 0 0

ij = 0 -0•-k 0

From this let us proceed to evaluate the Poisson induced strain rates in more detail. Considering

Eq. (Al) it follows that
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E 2 E[

and this leads to

-• •= -jt+g[g-v o = -jt+ g-Vtc

1 11 Ee

-. vtel.I( t-tel) - -v01 -Iil (M)

Thus the Poisson induced strain rate decomposes into two parts: one part is an elastic component

and is related to the axial strain rate by the Poisson ratio, and an inelastic part that is associated

with the inelastic strain rate in a manner consistent with incompressibility.

By using tel = N/E and t = tel + tOn Eq. (A4) becomes

-Veilin= 1[1 ] 1.

or

Thus the variable Poisson coefficient associated with strain rate (which is denoted here as p) is

as follows:

D- 13 1 d3
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and

u 0 -i 0

0 0 -pi

for axial stressing.
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APPENDIX B

FORTRAN MAIN PROGRAM (all subroutines and function subprograms that are not
* specifically related to the calculations being made here are given in Appendix H):

C-- -- > Program Name: UNIAXIAL.FOR
C

*C-> This program will carry out a Runge-Kutta integration on the
C stress-strain equations of the SMA hysteretic model for axial
C loading. Note that inelastic behavior is suppressed beyond EPSLNO.
C The strain history is prescribed (i.e. input) as sinusoidal.
C Stress in the output variable. Strain and stress pairs (i.e. the
C hysteresis curve) are written to data files for plotting
C with GRAPHER (which reads ASCII data arranged in column pairs).
C

C
C NOMENCLATUREt
C
C REAL CONSTANTS:
C A Material constant controlling shape of hysteresis
C ALFA -Ey/(E-Ey) where Ey is the inelastic modulus
C AMP Amplitude of strain input
C E Young's modulus
C EPSLNO Strain beyond which inelastic growth is supressed
C FREQ Frequency of cyclic strain input
C FT Material constant controlling size of hysteres.is
C N Overstress power (controls sharpness of transition to inel.)
C VNEW Poisson's ratio
C VNEWIN Inelatic Poisson coefficient
C Y Stress where damping mechanisms are activated
C
C INTEGER CONSTANTS:
C NC.CLE No. of cycles of oscillation
C :,PPCYC No. of points per cycle to be used in integration
C
C CHARACTER STRINGS:
C FILENAME string for filename assigrmaent to a FORTRAN unit number
C SAI.P string for material constant ALFA
C SA string for material constant A
C SE string for Young's modulus Z
C SEO string for limiting strain EPSLNO
C SEP string for peak strain AMP
C SFT string for material constant FT
C SN string for overatress powen r N
C SY string for stress where damping mechanisms activate: Y
C TITLE descriptive title for rds
C
C VARIABLES:
C ENGABS Energy absorbed per cycle of oscillation
C ENGSTO Energy stored (-.5 * max. strain l max. stress)
C ETA Loss factor
C SDC Specific damping capacity
C
C VARIABLE ARRAYS:
C EPSLON(K) Axie strain (index K rep. time)
C STRESS(K) Axia.. stress (index K rep. time)
C Z(K) Axial stress paused from INTFUN (index A rep. time)
C
C SUBROUTINES:
C DERIV Contains the differential eqs. (invoked by YNT:UN)
C INTFUN Integration routine (4th order forward Runge-KuttA)
C MAXIM Determines the =ine. & mx. values of an array
C STRLEN Counts the n nmb.r of characters in a atring
C
C FUNCTION SUBPROGRAMS:
C FRP(X) Error function of X
C FACT(K) K factorial
C SGN(V) Signum function of V
C UNIT(X) Unit step function of X
CC

c
IMPLICIT REAL*8 (A-H,O-Z)
INTEGER NEQ
REAL*8 DERIV,FLOAT,T,TEND,TOL,1g(20) ,N
DIMENSION EPSLON(1001),STRESS(I001)
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CHAACT21Rt 20 FILENANE
CIVAR&CMTR*70 TITLE, SY,SE,SH,SALF, SEO,8&, SPT, 5UP
CWlRACTZR (-) SARI, SAR2 , SAR3, SAR4, SARS, SAR6 , SAR7, SARP
PMRAMETER 1( -e-
PXRAMETER (SAR2'.'Y-")
PARAMETEL. (SAR,3-3"-')
PARAMETER (SAR4.-'n-')
Pl-.RXMTETR (SAR5-'alf a-')
PARAMCTEER (SAPE6-a-')
PARMO4TLR (SAP.7-'fT'')
PARAMETER (SARP- etP"-
C0504OH/Bi 0X/AMP, C4EGA, Y,E, VNEI, ALA, N, EYSI~, A, FT

C
TE - 4.

2(; 0.0
C
C-1- Intozactiva input of filencate for the material data input file
C 02~d 1:o output filax.
C

WRTnC*,*;'Znter the name or your input data file.'

2 PO.iMA2!(A)
WRITE( k,3)FILENAi4

3 FORMAT(' '..3X,A2O)
IP(IFL.EQ.9 )THEJ
OPEN (ILt, 1'U'.PILENMi{E, STATUS-' UlE4NW12

ELSE
OPEN (IYL, FILE-FILEHAME, STATUS- 'MMYOWN')

ENDIF
IF IL.(9 THEN

W11!TE(c,*)'Enter nri~o for the plot file fo~r STRESS vs. EPSLON'

Go TO 1

If (ILEQ.1O) THEH
WRITE(*,*)'Enter na~ae for the summary text file'

GO TO 1
ENDI)I
REWIND 09
RE7WZZD 10
flEWIND 11

C
C---> Read input quantities fromi input files.
C

RBAD(9:5STIi'LE
RM(q.A)-)')SY

READ (9, -'(X)'-)
RP.AD(9,'jA) ')SN
RFPD(9, '(A)' )SALP

5 FOR.%MT(A)
REA" (9, - % , VNEW
READ (9, * Y
READ (9,-*) ALPA
P..AD j9, *)N

C
C-'--> Interactive input of other material parameters, strain amplitud.a,
C ano nusiber of zycier of loading to be used in calculations.

WRIT1E(*,*)' Enter ?PSLNO'
P.EAD(S,-)EPSZN0
WflXTE(*,*)' Enter che-racter string for EPSLNO'
REAND (5, ' (A) ý SEO
.4PJTE(*,*) Enter A AND PT'
PM~(5,-* A, PT
WRITE(*,*)' Epter c.&racter string for a'

WRI~TE(*.*)' Er~ter cbaracter striag for fT'
R EAD (5, '(A)' )SPT
WRITE~t,*?' Enter FREQ and W~p

WRITE(*,*)' EIL.ter character string for Peak Strain (i.e. AMP)'
READ(5, '(A) ')SRP
WRITE(*,-)' Enter Nwmber of C'ycles and Hur-ber of Points per Cycici'
READ( 5,-)NCY CLE NPPCYC

C
C-> ueter-Am.lne 1erth of various character strings for later use.
C
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CALL STIRLEN(SEO,IBSEO,IrESE0)
(.ALL S-hI.EN(SEP,IBSEP,315-EP)
CALL STRLE)5( Y, IBSY, IESY)
CAZ.b STEI.EN(SE,IDSZ,IF.SE)
CALL STRLZN(SN,IBSN,IESK)
CALL ShLRLN( SALP, IBSAL?, IESALP?)
CALL SThLEN( BA, ThSA, IESA)
CALL STRLEN(SYT,ZBSFT,J:ESFT)
CA*LL STRLEN (Sa~l, IBSARI, IMSAM~)
CALL STRI2N (SAR2 , ISAR2, !ESAR2)
CALL STRLE ( BAR 3, IBSAR3 ,1ZSAP3)
CALL STRLZN( SAR4, IBSAR4,IEMA4)
CALM 3TRLE.I(BARS, IBSAR5, ISAR5)
CA- STtLZN (SAR6, IBSAR#i,IFSAR6)
CALL STRLEN (SAR7, IBSAR7 ,IESAR7)
CALL ST!RLEN ( ARP, thSARP, IRSARP)

C
isumi - i~s?-Rl + 12SE0 + 2 + IES"R? + IESEP
IS0142 - IESAtR2 + lESY + 2 + IESAR3 + IESH
ISUK3 - USM4 +IEC + 2 + IESAR5 + IESALF
ISUM4 - FSAR6 1IE$.1A + 2 + IESAR7 + IEBET

C
C--> Calculate the quantity Pi-3.14159267.... and other parameters

PI-DACOS( -1 * DOO)
C

0O42GA -2..IPI*FREQ
'JNEWIH .5 - ALPA*(.5-VMIW)/(l,+ALVA)
NSTEPS NCYCUL*PrPCYC,
PRINT NSTEPS-',NSTEPS
PZRXOD - ./FREQ
DELI? - PERIODINPr-CYr
PRINT -,' DRYELT,DELT

C
C--.-> get initial condiitioni-..
C

STRESS(1) - 0.
EPSLONil) - 0.

WkITE(*,99999)
99999 FOiRMAT(4X, ISTEP',SX, STRAZN,9X, S.-RE<,S),
C
C----> Carry out the nuinarivP1 integration
C

DO 10 ISTEP - 1,KS-TZPS
CALL InlTFUt~1Z,T,rELT,1JEQ)

Sm~S.;(ISTE-P+1) - Z(1)
nPSLONttT6TP+1) - AMI'- DSMt(OC4EGA-T)
WRITE-(*,'(3X,I6,4(3X,EIO.4)),1TSTEP,EPSWRoX1UmP+1),ra1)

10 CONTINUE

C----> Compute damping.
C

CALL ?4AXIM( STRE-SS, RSTEPS, STRML', STRNAkX)
ZNGABS - 0.
ISTART - FPCYCI4. + 1
lEND -ISTART + NPPCYC-1
DO 50 l=ISTAz(T,IEND

ENCABS -ENGABS -4 .5 ,(STRESS(1+1) + STRESS(I))
> (EPSLOA(I+1) - ESLO((i))

50 COXNTIMMT
ENGSWI - .5*STPJ4(*AMIP
P-TA - RGBS/(2.,LP1VEHGSTO)
SDC - I!TA*2*Pl

C
C--> Write resultz to output data file (unit 10) and to output
C tm~rx file (unit', 11).
C

C

> ISUMl,SARI,SEO(IBSEO:IESZO) ,SL.Rr,.,;EkfLBSEP:IESEP)

> ISUM2,SARz,SY(IBSY:.S4Y),SAa3,SE(TBSEIZESE)

> stIm3,SR4,SN(IB.ANtZEL-,SAP,5;SALV(IBSALPtTESALF)

ISU*44,S?.R',SA(IBSA:ISA) ,SR7,BPL(IflSPTtZESPT)
WRITZ(l1.,(5X,"'4 2.1 ......XC-E .4' )')rTA,SIOC
PMN *'., WXSS FAC-T'0h-':ZTA,' 8DC-',SDC
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1000 FORMAT(I70)
1001 FOflMAT(2A6O)
1200 FPMU4T(' ',3X,'V,5X,17)
1201 OU.MAT( ,,,5,7
1500 FORMAT(' ,5X,E10.4,5X.?10.Q)
1501 PORAr(' ',5XX10.4,5X~k!0.4,SX,Z10.4)

RTOP
END

SUSROU'IXhR DERIV(ZT, SOOT)
IM7LICIT RUEAS. (A-U,O-S!
D.%TEGER NZQ

C
EPSLOR l :p - OSfl(.flmGA-T)
EPDOT -A]-P - (AEGk -~ DCOS(O*(S(A-T)
LOADD - 2PSLW1YELPD0T
DLTAZP - DLBS(EPOLOS) - RPSL90
r-e PDLTAEP. LT 0.T 0 3) THU."

W-A-kE*ALFA)*( EPSLON - Z(!)/E +

SDCT(1) -E*( EFDOT -2.t(l.+VHE.WV)/3.*OABS(EPDOT)*

> (2(1)-BETA)/y
ELSE

70OT(1) - E*( ZPIDOT -2.-(l.+VH-W2N)I3.*fl?,S(EPDOT)-

X-)OT(1) - E-EP!)rT

C
C-=-- End of UNLIAXIAL .FOP.

EXAMP'LE OP~ AN INPuT FILE:

BHA Hysteretic Model with gla~ticity Outside e0
8535 psi
28.5x106 psi
3
.818
28.5E06 6.35
855.
0.818
3
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APPENDIX C

FORTRAN MAIN PROGRAM (all subroutines and function subprograms that are not
specifically .,. t -o the calculations being made here are given in Appendix Hf):

C=-•--->Program Kame: SHEAR.FOR

C- > This piogrim will' carry out a Runge-Rutta integration on the
C *trnss-strain egioations of the SMA hysteretic model for SHZAR
C loading. Note that inelastic behavior is supresred beyond GAMMAO.
C C•]culated results for the stress-strain response are written
C to user defined output data files ,hee the data i3 arranged
C in two colivas with strain in the first column and )tress in the
C second. The loading sequence (hysteresis) starts with the first
C linc- of the file and proceeds in order to the lant line.
C The resulting data files can be used to plot, the curves via
C GRAPIER, which reads ASCII data file with data
C arranged fn column pairx.
C
c
C
C NOMENCLATURE:
C
C PLEAL COPSTAVTS:
C A Material constant controlling shape of hysteresis
C ALFA -Ey/(E-Fy) whe-e ry iz the inelastic modulus
C AMP Amplitude of strain input
C 2 Young'e modulus
C G Shear modulus
C GAM4AO Strain beyond which inelastic growth is supressed
C FREQ Frequency of cyclic strain input
C FT Material constant controlling size of hysteresis
C N Overstress power (controls sharpness of transition to inel.)
C VNER Poisson's ratio
C Y Axial Strets where damping mechanisms are activated
C YS Shear Stress where damping mechanisms are activated
C
C INTGE. CONSTANTSt
C NCYCLE No. of cycles of oscillation
C NPPCYC Nr. of points per cycle to be used in integration
C
C CHARACTE-R STRINGSt
C FILENAMN string for filenwme assignment to a FORTRAN unit number
C SALF atring for material constant ALFA
C BA string for material constant A

SG string for the shear modulus G
C SGO string tor il•iting 7train -GAk-9tLk
C SGP string for peak ltrain AýP
C SFT7 string for material conitarnt FT
C SN atring for overstress cover N
C SYS string for shear stress where dramping mechanisms activatez YS
C TITLE descriptive title for run
C
C VARALtLES;
C ENGABS Energy absorbed per cycle of oscillation
C ENGCTO Energy stored (--5 m ,cax. strain stress)
C ETA Loss factor
C SDC Specific damping capacity
C
C VAR.-WILE ArAtY.S?
C GAMWVL(KN Sheaf atrain jindex K rep. time)
C TAtU(K) Shear stress (index -- rep. time)
C t(Kj Chear st-roog passed from INTFUN (index K rep. time)
C
C SUD.ROUTIREa:
C DE.RTV Contains the differential eqs. (invoked by ZRtTFUN)
C INTPUN integration routine (4th order fozward Runge-Kutta.
C YAXX.4 Determines the sin. & man. values of an array
C STRLER Counts tbe number of characters in a string
C
C FUNCTION SUBPPOGRANMS!
C ERF(X) Error function of X
C FACT(E) K factorial
C SGN(V) Signum function of V
C LtH7TtX) Unit step tunction of X
C
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C
C

IMPLICIT REAL*S (A-H,O-Z)
INTEGER HEQ
REAL'-8 DERIV, F AT, T, TEND, --OL, Z(20), N
DIMENSION GAMMAC 1001) ,TAU(1001)
CHARACTER* 20 FIENAHE
CHAP.ACTER-'70 TITLE,SYS,SG,SN,SALP,SGO,SGP,SA,SI'T
CU1RXCT2R- ( ) SARI, SAýR2 ,SAR3, SAR4, SARS, SARI, SAR7,SARP
PARAMETER (SARl-'g0-')
PARAMETPR (SAR2""Ys-')
PARAMETER (SAR3'-'G-')
PARAMETER (SAR4-.'f-')
PARANETIER (SARS-'alf a-')
PARt.ýMTER (SAR#6-'a-')
PARAMETER (SAR7-.'fT-')
PARAMETER (SARP'-'gP-')
COMMON/VLOK1/AMP, OMEGA, YS, E, G,ALPA,H, GAMMAO, A,PT, RAD3

C
KEQ - 1

C
T - 0.0
Z(1) -' 0.0

C
C--> Interactive input of filenames f or material data input file, and
C for output files contaning data and text.
C

WRITE(*,*)'Enter the nae of your input data file.'
1FL-9

1 READ(*, 2)FIENAI4E
2 PORMAT(A)

WRITE (-*,3 )PLENAME
3 PORMAT(' *,3X,A20)
IF(IFL.EQ.9)THEN

OPEN( IFL,FILE-FILENAME, STATUS-'UNXNOWN')
ELSE

OPEN (IFL,FILE-FILE-NAME, STATUS- *UNKNOWN )
ENDIP
IF (IPL.EQ.9) THEN
W&ITE(*.*)'Hnter nae for the plot file for TAU vs. GAMMA'
IFL -10
GO TO 1

ENDIF
IF (IPL.EQ.10) THEN

WRITE-(*,*)'Rnter name for the summary text fi-le'
iFL-ll
GO TO 1

ENDIP
REWIND 09
REWIND 10
REWIND 11

C
C ----- > Read input quantities frcm input file.
C

RY.AD(9,5)TITIE
READ(5, '(A)' )SYS
READ(9, '(A)' )SG
READ(9, '(A) ')SN
READ9, '(A1 ')SALF

5 PORMAT(A)
C
C----> Read in uniaxial properties; convert to shear properties later.
C

READ (9, *) H,%WHEW
READ(9,-~) Y
RE (9, *)ALPA
READ (9,* )N

C
C ----- > Interactive input of other material parameters, strain amplitude,
C and number of cycl.eb ot loading tc' be used in calculations.
C

WRITE0(*,*)' Enter GAŽ04A0'
RY-D(5,*)GAMM.AO
WPITZ(*,"I' Enter character string for GAMHAO'
R HAD (5, '(A)' )SG0
WRITE(*,*)' Enter A AND PT'
READ (5, *)A, FT
WRITE(*,*)' Enter character string for a'
READ(5, '(A)' )SA
WRITE(*,*)' Enter cba~racter string for fT'
READ(S, '(A)' )SFT
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WP.I¶;*.(*,*)' Entex FRBQ anld AMP of aeaz- strain Io~ding'
RZAD(S,*)MQ,1-VP
WRITE(-,-)' Ente= c~araocGr etring for peak shear strain'
PrEAD(5, (A)* )SGP
WRITZ!(*,*) 'Enter Hunbmir of CNCles and 1.urber of Points Der C'ycle'

C
(:--> Datermdne length of *varic'w cbaracter strings fvoc iater nuse.
C

CALL STRLEN (SG-, 'MS;3O, IESCO)
CAIL S%-RWPN ( GPBSGP, IESGIF)
CkLL STRL-iq(SYS, IBSXS,IUSYS)
CALL STRLEM (SGIBSG, IESG)
CALL STRLXN(SHJDSH,UESN)
CALL STRLEN(SALT, IBSALT, IXSALP)
CALL S-A1IEH(! ',IM,3AESA)
CALL STRL3EH(SFT, IBSFT,IUST)
CALL STRLEN( SARi, IBSARl, IESAP1)
CALL STRLRN ( SARP#IB!LhRP, IESAIRP)
CALL STRLZN (SAR2, IBSAR2 ,IESAR2)
CALLT S-.LEN( SAR3, lBSARP3 IESAR3)
CALL STP.LE ( SAR4,1BSAR4,IESAR4)
CALL STRLEN( SAR5,IBSARS,IB-SRS)
CALL STREN( SAR6,IBSAfl6.ISAR6)
CALL STRLEHI( SAR'),lBSLýR7,,SAR7)

ISUM1 - IESAn1 4 ZESGO + 2 + IESARP + I-SGP
ISUM2 - UESA.R2 + IESY + 2 + IESAR3 + UESE
!SUM3 - YXSAR4 U ISN + 2 + IESAR5 + IESALT
ISUM4 - UESA6 + IESA + 2 + IESAR7 + UESFT

C
C--> Calculate the quantity Pi-3.l4159257.... and otber Parameters.
C

PI-DACOS(-l.ODOO)
RAD3-3.**.5
G =- /-2.*(1+VkEW))
YS - ýfRAfl3
OMEGA -2.*PI*FREQ
PRINT ,'PI-', PI,' MOMGA', OMEGA
NSTEPS - kCYCIX*NPPCYC
PRINT ,* STEPS- , NSTrPS
PERIOD I./FREQ
DELT - PERIOD/NPPCYC
PRINTf *,' DELT-',DELT

C
C-=- Set initial conditions
C

TAU(I) -0.
GANHA(l) -0.

C
iWRITZ(',99999)

99999 FOR AT(4X,-ISTEP',5X,'TI)E ,9X,Zl',IIX,'Z2")
C
C'----> Carry oat the numerical integratioz
C

DO 10 ISTEP - 1.HST7EPS
CALL INTF1UN(Z,TDELT,NIZQ)

TAU(ISTEP+l) - Zl)
GA)OAA(ISTEP+l) - AMP - DSIN(OhA*Tr)
WR-TE(-,'(X,16,4(ýX,E10.4))')ISTEI).AMj14AISTrp~l)+J,Z(I)

10 CONTINUE
C
C

CALL rhX~IM(TAU, NSTEPS, TAUMIN, TAUNAX)
ENGABS - 0.
ISTART - NPPCYC/4,+I
UURD - ISTART + ITPICYC-1
DO 56 I-ISTARTIEND

ENGABS - ENGABS + .5 - (TAXU(I+l) + TAu(I)j

50 > CNTINUE(GAMOA(I~i) - GAM14A(I))

ENGS" O -. 5*TI.U)J)*AH
ETZ. = EHGABS/(2.'PI*ERGSTO)
SDC -ETA*2*Pl

C
C---> Write the results to output aata file (unit 10) and to output
C text file (unit 11).
C

WRITZ(l1,'(1X,-0 '',12, .. ... A,A,2X,A,k -'
> YSUW1, SARI, aSOO j BSGO : XESO'1, SXRP, SSTP ( IBSGP: Ir.r<CP)
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WRXTE(i1, (1X, * 1 ,12 .. ... A,A,2X,A,A, )
> 5U142,SAR2,SYS(ISSYS:IESYS) ,SAR3,SG(IBSG:EESG)

WRZTE(1l,'(11,'2 ',12, .. .. A,A,2X,A,A.....)')
> ISUM3, HI4 , SN( IESSNIESH) ,SAR5, SALP( IBSALP SIESAL?)

URITiE(11,'(lX,"3 '',12, .. .. A,A,2X,,AA)
> ISUM4,SAR6,SA(IBSA:IESA) ,SAR7,5'T(IBSFTtIESPT)
WRT(1,1,428 "ETA-',E9.4,2X,'SDC-"',E9.4*, ...)')ETArSDC

PR3XT ,', LOSS FACTOR-',ETA,' SDC-',SDC
C
1000 FORI4AT(A70)
1001 FORMAT(2A60)
1200 FORMP.T( ',3X, I ,5X,I7)
1201. OrM~ ,ql 3X'2',SX,17)
1500 FORVAT(' ,5X,El0.4,5X,E10.4)
1501 F0PJ4-.T(' ,5X,ElO.4,5X,El0,4,5X,E10.4)

STOP
END

SUBRO1TnIE DEXV(ZS, T, EDOT)
IMPLICITf RRAiL-8 (A-H,O)-Z)
fINT EGR NEQ
REALV8 OEGA,T,S(20),St)T(20),NN,L3ADD
c04mcN/Bmr1i/A-4P,oW -GA,YS;EG,ALPA,1IUl,GAM4H0,A, FT,RAD3

C
GAM4MA AM?.P DSIN(CME!GA*T)

-I-C AMP OMEGA~ DCOS(O?1EGA*T)
L'LTAGA -DABS (GAM4A) CM49AC
IF(DLTAGA.LT.0 .0)THEN

BATA-(l./3.)*(E*ALPA)cl( GAMMNA - 7(1)/G +
> RAD3-FT*ERP (A*GAkt4/RAD3) *tflT -GARK4A*GAHDOT)

IF(HEQ.X.fl)Tff2.
ZDOT(l) - G-( GAXDOT - DABS(G-AMDOT;*(2(1)-BE2TA)/YS

ELSE
EDCT(1) -G-( GAMDDT - P?,BS(GAD0T)-

ENDIF
ELSE

ZDOT(l) -G*GA!4D0T
ENDLF
RETRN
END

C=-----> SHEAR. FOR

EXAMIPLE OF AN vNPUT FILE-

SMA Hystereticv model for Shear with Elasticity outside gO
494 qzj
10.56x106 psi
3
.81s
28.5B06 0.35
85:,,
0. 8. 1
3
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APPENDIX D

FORTRAN MAIN PROGRAM (all subroutines and function subprograms that are not
specifically related to the calculations being made here are given in Appendix M,:

Cn--- > Program Names SDUA.FOR (for Strain jependent Uniaxial response)
C
C.'•> This program is different fron UNIAXEAL.FOR in that it

repeats the cyclic stra.n application over a specified range
C for a given number of peak strains, an,. it calculates the loss
C factor associated with oach. Rungo-!utt'y integration will be applied
C to the stress-strain equations of the axial SMA hysteretic model.
C Note that ine~.astic behavior is supressed beyond EP3LNO.
C Files will be 'enerated wh~ch contain data for the plotting
C of Peak Strain vs. Energy Abrorbed, Peak Strain v3. Loss Factor,
C Peak &quivalent Srain vs. Energy Abi orbed, and Peak Equivalent
C Strain vs. Loss Factor. File Format i:ill be that of GRAPHER;
C ASCII dato is arranged in column pairs. Data iz arranged in
C two vertical columns with strain (or equivalent strain) being
C in the first column and lose factor (or energy absorbed) being
C in the second column. A short set of data summarizing the run
C is written to a ,ser defined text fle.
C

C NOMENCLATURE:
C
C REAL CONSTANTS;
C A Material constant controlling shape of hysteresis
C ALFA -By/(E-Ey) where Ey is the ia.elastic modulus
C AMP Amplitude of strAin input
C E Young's modulus
C EPSiN0 Strain beyond ehich inelastic growth is supressed
C EPSPRk Minimum peak strain
C EPSPK2 Maximum peak strain
C FREQ Frequency of cyclic strain input
C FT Material consta.nt controlling size of hysteresis
C N Oveistress power (controls sharpness of transition to inel.)
C VNEW Poisson's ratio
C VNEWYN Inelatic Poisscn coefficient
C Y Stress where damping mech&nisms are activated
C
C INTEGER CONSTANTS:
C NCYCLE No. of cycles of oscillation
C NPPCYC No. of points per cycle to be uged in integration
C NINC No. of in~rements for the zange of peak strain
C
C 1 CHARACTER STRINGS:
C FPLENAEM string for filename essignment to d FORTRAN unit number
C SALF string for material constant ALFA
C SA string for material constant A
C SE string for Young's modulut E
C SEO string for limiting strain EPSLNO
C SFT string for material constant FT
C SN string for everstress 2cwer H
C SY string for stress where damping mechanisms activate: Y
C TITLE descriptive title for run
C
C VARIABLE ARZRAYS:
C ENRGAB(l) Znergy absorbed in ore cycle (I represents position)
C ENRGST(T) Energy absorbed in one cycle (I representr- position)
C EPSLON(K) Axial strain (index K rep. tim&)
C ETA(I) Loss factor (I represents position)
.7 PEAKST(I) Peak strain (index I represents position)
C PKEQST(I) Peak equivale':t strain (index I represents position)
C STRmSS(K) Axial stress (index X rep. time)
C Z(K) Axial stress passed f'om INTPUN (index K rep. ttme)

C SUERCUTINES:
C DERIV Contains the differential eqs. (invcked b'y INTFUN)
C INTFUN Integration routine (4th order forward kRunge-Kutta)
C MAXIM Determines the min. & max. values of an array
C STRLEV Counts the number of characters in a string
C
C FUNCTION SUBPROGRW-S i
C ERP(X) Error function of X
C FACT(K) K factorial
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C SGN(V) Signum Ufunctionl of V
11 UNIT(X) Unit step function of X

C

C
IMPLICIT REAL-8 (A-H,O-S)
InTEGER NEQ
RRAL*8 DERIV,1tO3NT,T,TEND,Z(20) ,N
DIMENSION EPSLON(l001) ,STRESS(1001),
> ~ PEAKST(200),TA(200),ENRGAB(200),ETRGSTi20O),PKEQS'r(20o)

CHARACTER* 20 FILVENAME
CHARACTER*70 TiTrz,SY,SE,SNSALF,SEO,SA,SFT
CiaMACTER* (*) 53jMR, SXR, SAP3, SAR4 ,SAPS, SAR6 ,SAR8
PARAMETER (SAR1-'eO'.')
PARAMETER (8AR2-'Y-')
PARAMETER (SAR3-'E-')
PARAMETER (SAR4- * 3-')
PARAMETER (SA-r6'a-*)
PARAMETER (SAR6-'a-')
PARAMETER (SAR8""fT-' I
COMOCM/DWK1/AMP,c~r.,',E,VNHEW,VNEW-IN,EPY,ALp-A,N,EPSLN0O,A,P'I

C
NEQ - 1

C
C--> Interactive input of filenames for the xateric-i data input file
C and for output files.
C

WRITE(*,*)'FEnter the name of your input data file.'
IrL-9

1 RMA(-,2)P=LNANE
2 FORMAT(A)

WR1TE(*,3)FIIr-NAMe
3 FC.RMAT(' ',3X,A20)

OPE ( IFL, FILE-FILENAME, STATUS- * wýZNEOiN')
ELSE

OPEN( IFL,FILE-FILENAIAE, STATUS- 'UNINOWSI')
ENDIF
IF (IFL.EQ.9) THEN
WRITE(*,*)'Znter naime of plot file for Loss Fac. vs. Peak Sir.'
IFL-10
GO TO 1

ENDIF
IF (IFL.EQ.10) THEN

WRITE(*,*) 'Enter mixe of the GRAPIER legend toxt f4le'
IPL-11
GO TO I

ENDIF
IP (.fFL.EQ.11) ThEN

WARITE(*,*)'Enter filename for Energy Absorbed vs. Peak Strain2.'
IFL-12
GO TO 1

ENDIF
IF (IFL.EQ.12) THEN
WRITE(*,*)'Enter filename for Loss Factor vs. Peak PEqiv. Strain'
IFL-13
GC TO 1

ENDI?
IF (IFL.EQ.13; THEN
WRITE(*,*)'Enter filename for Energy Abe. vs. Peak Eqi'v. Strain'
IFL-14
GO TO 1

ENDIF
REWIND 09
REWIND 1C
REWIND 13
REWIND 12
REWIND) 13
REWIND 14

C
C--> RIead in~nt quantities f ram input file.
C

READ( 9,5) TITILE
RI'AD(9, '(A) ')SY
REAZ)(9, '(A)' )SE
REAI(9, '(A')*)SN
READ(9, %'A)*)SALF

5 FORM4AT(h)
RE?'D (9t* )E,VNEW
READ(9, *) Y
IIE2D(9,-1ALFA
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READ( 9,. )H

C-.--> Interactivt in~put of oth#,r zateriel paraxi~ters, astrair av-plitude,
C &nd 2iusnzer oft cyclos of lo-ading to be used in calct. 'atic -to
C

i~RI~E(,~)Enter EPSLNO,
RE-AD( 5,-)ZErLNO
.,RITE(*,-*)* 1PSL3EP5LN0
WRITE C , ) ' Bter ch~r'rcter vxtr3.ng for EFSS~O'
RZAO(5,-(.A)-)SEO

VURITE(J,,*)' Enter A V-0 PT'

WpýTf{x Eat~er cbmiracter string for tk
*XZM5 (A I- S

PJ~D(,*)Enter ch&cacter Ltrimg for 1V
Rh.AD(5, (A)- *T

%WRTE(*,11.) ' nter MRQ, ES.X1. & RPSPK7 (nilo and c=a peak str.)'
r2D,* )Fn,EPSPal,EPSP1A2

HR1ETD¶,*)' MgE-,FruQ,' zPsPxj-,rPsPxl1, EPspr!.?-1EP-SPE2
WRITE(*,*)' Enttr No. of Cyclee and No. of Points pe-r CyclW
PZPM(5,* )KCYCLE~wPVPCYC
WREITE(*,*) - NCYCU-1,NCYCL.E, I PPCYfUO1PCYC
WRITZ('%.)' Enter NINC -,No. of inczrements bet. peak strdtins)'

C
C=--> Doter.nI .i length at~ ?arioua character strings for later live..
C

CALL STRLZli(SPO, .B3ZO,IPSEO)
CALL STRLBH(UY,IBSYZESY)
CAML &TRL!-.N SL, SE, iZSE)
CALL 3%-w~ff(sH, IBS?, IESH)
CALL STkLEN(SP~1',ISSALF,1ZSALPF;
CAL-L S-,RLEli(SA,IBSA,.ESA)
C.*.LL STPLEN(-P',FTIBSPT..!ES?T)
CALL, STRLE (S-AM, IBSAP1, IESARl)
CAML 6'hE) AR2,:BSA1R2, IESAR2)
CAIZ STfi-LEX (S!'R3, ISSAIR3 * IESAR3)
CALL STRLERt SAR4 ,IBS1AR4,!2SARQ)
;-ALL ST-LEH f ARS, 1SEJAR5, IESA~i,)
CALL STRLElN ( SAR6. 11L3SAR6 , IESAR6)
C&I L STALEN ( SA3S, ±BZARS, IESARO)

C
XSUM1 - 1ESAR1 -L 12E0L
ISIJM2 -IESAP.2 + IESY +2 IETSAR3 + TESr
IStUM3 - XFSAR4 + YXASH + 2 + IES+.R5 + IESALT
ISU144 - MEARC + ISSA + 2 + MEARS +IESFT

C--=> Calculate the quantity P1-3.14159267.-., and otheýr pk-erametero
C

PIýoDACOSI -l OfOG)
OPG- 2."PI-FP.

PR.LtT *,' PI-',PTA' %:EGA-,07FQAJ
V~VnRI1- .5 - ALFA&(.5-VPiEV)/(.+JALpA)
EPY - W/k
PRflM T VNEWI--,VHIEWIN,' EPY-.,EPY
NSTEPS I 1CYCLE--NPPCYC
NSTPr1 - zSTEPS r 1
PM%" , NSTEPS-*,NSTEPS
PERIOD -1.irREQ

DELT PERIOD,.NPPCYC
PRINT DEL&-*, DELT
ZPSINC "(2PS2X2-EPSP!1)/NIN-

ISTART - zPPCYC/4. + 1
IEND - ;[START + NPPCYC-l

C
C,----> Set initial con~ditions.
C

STRESS(1; - 0.
EPSLON(i) - 0.

C
C---> let up the loop for carrying out integration for each step ir. peak strain.
C

1I1NCPl - NINC + 1
DO 7777 .7-l,HINCPl

C
C---> Clear the arrays used in the loop marked by 30 et the continue statement

DTRC-SME-91/34 43



C Reinitialize T and Z(1).
C

DO 10 X-1,NSTPP1
EPSLON(K)-0.O

10 STRESS(K)-0.9
C

T - 0.0
2(1) - 0.0

C
C-> Update the peak strain
C

AMP - EPSPK1 + EPSINC-(J-1)
PEAKST(J) - AMP
PREQST(J) - (1+VNEW)-ANP

C
C-> Carry out the integration for the current peak strain
C

DO 30 ISTEP - 1,HSTEPS
CALL INTPUN(Z,T,DELT,NEQ)

STRESS(ISTEP+l) - 2(1)
EPSLON(ISTEP+l) - AMP - DSIN(OHEGA-T)

30 CONTINUE
C
C---> Compute damping for the current peak strain.
C

STRHIN - 0.
STRHAX - 0.
CALL HAXIM (STRESS,NSTPP1,*STRMIN, STRNAX)
ENGABS = 0.

C
DO 50 I-ISTART,IEND

ENGABS = ENGABS + .5 - (STRESS(I+1) + STRESS(I))
> (EPSLON(I+1) - EPSLON(I))

50 CONTINUE
ENGSTO - . 5*STRMAX*AMP
ENRGAB(J) - ENGABS
ENRGST(J) = ENGSTO
ETA(J) - ERGABS/(2.*PI*ENGSTO)
WRIT2-(*, (3X,13,3(3X,E1O.4)) )J,PEAKST(J) ,ENIRGAB(J) ,ETA(J)

7777 CONTINUE
CALL HAXIM(ETA,NINCP1 ,ETAMIN,ETAHAX)

C
C----> Write renults to output data file (unit 10, 12, 13, and 14) and to
C output text file (unit 11).
C

WRITE(11,'(lX,"0O "12,2 ..... A,A,....
> ISUMl,SAR1,SE0(IBSE0:IESE0)

> ISUH2,SAR2,SY(IBSY:IESY),SAR3,SE(IBSE:IESE)

> ISUM3,SAR4,SN(IBSN:IESN),SAR5,SALP(IBSALP:IESALP)

> ISUM4,SAR6,SA(IBSA:IESA),
> SAR8,SFT(IBSFT:IESFT)

>ETAMAX, ETAMIN

WRITE(14,'(lX,2(E16.8,',')))( (PXEQST(I),ENRGAB(I),I-l,NINCP1)
PRINT *,* ETAMAX= ,ETAMAX, * ETAMIN-' ,ET~AHIN

C
1000 1'ORMAT(A70)
1001 FORMAT(2A60)
1200 PORMAT(' ,3X,Vl,5X,17)
1201 FORMAT(' ,3X,'2',SX,I7)
1500 FORMAT(' ',X,ElO.4,5X,ElO.4)
1501 FORMAT(' ',X,E1O.4,SX,ElO.4,5X,El0.4)

STOP
END

SUBR.OUTINE DERIV(Z ,T, ZDOT)
IMPLICIT REAL*8 (A-H:0Z)
REAL*8 OMEGA,T,Z(20),ZDOT(20),NN,LOADD
CO44HON/BLOK1/AMP,OMEGA,Y,E,VNEW,VNEWIN,EPY,ALPA,NN,EPSLNO,A, PT

C
EPSLON -AMP * DSIN(OMEGA*T)
EPDOT -AMP * OMEGA * DCOS(OHEGA*T)
I.OADD -EPSLON * EPDOT
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DLTAEP - DABS(EPSLOJN) -EPSLNO

C
IF(DLTAEP.LT.O.O )THEN
IF(DABS(EPSLON) .GE.EPY)THEN
DELTA - .5 - DABS(3(1)/EPSION)*(.5-VNEW)/E

ELSE
DELTA - VNEW

ENDIF
BETA-(E*ALPA)-( EPSLON - Z(1)IE +

> T-ERF((2.*(1.+DELTA)/3.)*A*EPSWN)*UNIT(CWADD)
IP(NN.EQ.1.O)THEN

ZDOT(l) - E*( EPDOT - C2.*(l.+VNEWIN)/3.)*DABS(EPDOT)*
> (Z(1)-BETA)/Y

ELSE
ZDOT(l) - E-( EPDOT - (2.*(l.+VEWfIN)/3.)*DABS(EPDOT)*

> (DABS(Z(1)-BETA)/Y)-*(NN-1)*(Z(1)-BETA)/Y
ENDIF

ELSE
ZDOT(1) - E*EPDOT

ENDIF
RETURN
END

C
C----S->DUA.*FOR

EXAMPLE OF AN I14PUT FILE:

SI4A Axial Hysteretic Model with Elasticity outside eO
855 psi
28.5xl06 psi Vnew...35
3
.818
28.5E06 0.35
855.
0.818
3
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APPENDIX E

FORTRAN MAIN PROGRAM (all subroutines and function subprograms that are not
specifically related to the calculations being made here are given in Appendix H):

C-------> Program Name: SDSH.FOR (for Itrain •ependent ,Jear response)
C
C--> This program is different from UNIAXIAL.FOR in that it
C repeats the cyclic strain application over a specified range
C for a given number of peak strains, and it calculates the loss
C factor associated with each. Runge-Kutta integration will be applied
C to the stress-strain equations of the SMA hysteretic model.
C Note that inelastic behavior is supressed beyond GAMMA0.
C The applied loading is that of a pure state of shear stress.
C We specify a maximum peak strain to be used in the sinusiodal
C application of chear strain. The resulting cur-:cs for stress and
C strain will be stored in data arrays and then will be
C used to calculate the loss factor (damping). The data file will also
C be in a format compatible for plotting with GRAPHER.
C ASCII data is arranged in column pairs. Data is arranged in
C two vertical columns with strain (or equivalent strain) being
C in the first column and loss factor (or energy absorbed) being
C in the second column. A short set of data summarizing the run
C is written to a user defined text file.
C
C

__ ~Cninnnlles- -- ikmina m--- ssaminn===nsaa a a arses nnC:dum nuaunn

C
C NOMENCLATURE:
C
C REAL CONSTANTS:
C A Material constant controlling shape of hysteresis
C ALFA -Ey/(E-Ey) where Ey is the axial inelastic modulus
C AMP Amplitude of strain input
C E Young's modulus
C G Shear modulus {-E/[2(I+VNEW)]}
C GAMMAO Strain beyond which inelastic growth is supressed
C GAMPK1 Minimum peak strain
C GAMPK2 Maximum peak strain
C FREQ Frequency of cyclic strain input
C FT Material constant controlling size of hysteresis
C N Overstress power (controls sharpness of transition to inel.)
C VNEW Poisson's ratio
C Y Axial stress where damping mechanisms are activated
C YS Shear stress wher3 damping mechanisms are activated
C
C INTEGER CONSTANTS:
C NCYCLE No. of cycles of oscillation
C NPPCYC No. of points per cycle to be used in integration
C NINC No. of increments for the range of peak strain
C
C CHARACTER STRINGS:
C FILENAME string for filename assignment to a FORTRAN unit number
C SALF string for material constant ALFA
C SA string for material constant A
C SG string for Young's modulus G
C SGO string for limiting strain GAMMAO
C SFT string for material constant FT
C SN string for overstress power N
C SYS string for shear stress where damping mechanisms activate
C TITLE descriptive title for run
C
C VARIABLE ARRAYS:
C ENRGAB(I) Energy absorbed in one cycle (I represents position)
C EKRGST(I) Energy absorbed in one cycle (I represents position)
C GAMMA(K) Shear strain (index K rep. time)
C ETA(I) Loss factor (I represents position)
C PEAKST(I) Peak strain (index I represents position)
C PKEQST(I) Peak equivalent strain (index I represents position)
C TAU(K) Shear stress (index K rep. time)
C Z(K) Shear stress passed from INTFUN (index K rep. time)
C
C SUBROUTINES:
C DERIV Contains the differential eqs. (invoked by INTFUN)
C INTFUN Integration routine (4th order forward Runge-Kutta)
C MAXIM Determines the min. & max. values of an array
C STRLEN Counts the number of characters in a string

46 DTRC-SME-91/34



C
C FUNCTION SUBPROGRAMSt
C ERP(X) Error function of X
C PKCT(K) K factorial
C SGN(V) Signum function of V
C UNIT(X) Unit step function of X
C

C
IM4PLICIT REAL-8 (A-H,O-S)
XNT1EGER NEQ
REA,*8 DER1V,FLOAT,T,TEND,TOL,Z(20),N
DIME-NSION GANMA(1001),TAU(100l),PEAKST(201),ETA(201),PKEQST(201),
> ENRGAB(201),ENRGST(201)

CHARACTER*20 FILENAME
CHARACTER*70 TITLE,SYS,SG,SN,SALP,SGO,SA,SFT
CHARACTER* (*) SA1, SAR2 ,SAR3, SAR4 ,SAP.5 ,SAR6, BAR?
PARAMETER (SARi- 'gO-*)
133RAMETER (SAR2..'Ys-')
PARAMETER (SAR3"" Ga')
PARAMETER (SAR4-'n-')
PARAMETER (BARS- 'a-')
PARAMETER (SAR6-'a-')
PARAMTPR (BAR.' *fT.' )
COK4ON/BLOK1/AMPO*4EGA ,YS,E ,G, ALA, N, GAMAO, a,PT, RAD3

C
REQ - 1

C
C-> Interactve input of filenames for the material data input file
C and for output file*.
C

WRITE(*,*)'Enter the name of your input data file.'
IFL-9

1 READ(-,2)F ILE NAME
2 FORMAT(A)

WRITE(-,3)FILENAME
3 FORMAT(' ',3X,A20)

..Y(IFL.EQ.9)THEN
OPEN( IFL, FILE-FILENAME, STATUS- 'UNKNOWN')

ELSE
OPEN(IFL, FILE-FILENTAME, STATUS-'UNKNOWN')

ENDIF
IF (IFL.EQ.9) THEN

WRITE(*,*)'Enter file name for Loss Factor vs. Peak Strain'
IFL-10
GO TO 1

ENDIF
IF (IFL.EQ.1O) THEN

WRITE(O,*) 'Enter nam for the surmary file'
IFL-11
GO TO 1

ENDIF
IF (IFL.EQ.ll) THEN

WRITE(*,*) 'Enter fileriane for energy absorbed vs. peak strain'
IFL-12
GO TO 1

ENDIF
IF (IFL.EQ.12) THEN

WRITE(*,*) 'Enter filename for loss factor vs peak equiv. strain'
IFL-13
GO TO 1

ENDIF
IF (IFL.EQ.13) THEN

WRIETE(*,*) 'Enter filename for energy abs. vs peak equiv. strain'
IFL-14
GO TO 1

ENDIF
REWIND 09
REWIND 10
REWIND 11
REWIND 12
REWIND 13
REWIND 14

C
C--> Read input quantities from input file.
C

READ(9,5)TITLE
READ(9, '(A)' )SYS
READ(9, '(A) ')SG
READ(9, '(A)' )SN
READ(9, '(A) ')SALP
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R~E" (9, -) 9, VNE
READ( 9,*)Y
READ(9,*)ALIFA
PYAD( 9, *)

C
C-> interactive input of other material paramieters, strain alaplitude,
C and nuzber of cyclesa of loading to be used in calculat~ions.
C

WRITE(*,*) Enter GAIO4AO'
READ( 5,-)GAWAO'M
WRITE(*,*) -GA!CO=' ,GA)0AO
WRITE(*,*)' Znter character string for GAMM4O'

.fRITh_(*,*)' Enter A AND PT'
READ(5, *)A,rT

WfRITE(*,*)' Enter character string for a'
RZAD(5, (A)' )SA

WRT (lE(1,' 'A-" ,A)')SA
WRI TE(*,*)' Enter character string for fT_
READ(5, '(A)' )SFT

vi7E,-F tnter MRQ, GAHwn2, S GAMPX2 (Min fi max Peak Strains)'
PR1=(5, *)?REQ,GAi4?1l,GAMPK2
WRRTE(-,-)' PREQ-',FRtEQ,* GMWIP1-',GAM.PXI,' GA!P4PK2-',GAMPI<2
WRITE(*,-)' Enter Nu'mber of Cycles and Ilumber of Points per Cycle'
RE.A(5,* )HCYCLE,Z1PPCYC
WRI-TE(*,*)' NCYCLE-',NCYC1LE,' UPPCYC-',NIPPCYC
WRITE(*,*)' Enter NINC (go. of increments between pea~k strains)'

WRIEA(*,-)'NU:C-'N

C
C --- > Determine length of various character strings for later use.
C

CAI-- STRLEN(S-zO, IBSGO, ZESGO)
CALL STP.LBt(SYS.IEBSYS,IESYS)
CALL STULEN( SG,IEBSG, IESG)
CALL STRLEN(SH.XBSN,IES1N)
CALL STRLE13,(SAL?, IBSALP, IESAL?)1
CALL STRLEN(SA,IBSA. IESh)
CALýL STRL-!N(SF-, XBSF'i', USFT)
CALL STRLEA'(SARX ,IBSARl, USARi)
CALL STRLFN (SAR2 ,!USAR2, T.SSAR92)
CULL STALEN (SAR:, IBSAR3,!:ZSAR3%,
CALL STRLEN4( SA1R4, BSARS , ZESAR4)
CALL SThLEXN (SAILS, IBSAR-5, IESAA5)
CALL STP.LEN (SiR6. IBSAR6,IZ5TARC,)
CALL S-ELEN ( SARI , IBSLR7, XSAP.7)

C
IS11- ESPIR1 + IESGO

ISUM2 - USAR2 + 7 +IESAR3 + 6
IS'E43 - 12SAR4 +- IESN + -, + ?r.EsARS + izSAL-
ISJH'4 - IESAR6 IESA + 2 + IESAR7 + IES??

C

C----> Calculate the quantity Pi-3.14159267..., and other parameters
C

G - &?/(2.*(14-VNEV))
YS- Y/PAD3

OýMECK o2.*PI.-FRQ

NSTEPS N1CYCL2*NPCYC
PRINT , NSTUrS-',NSTTEP5
PERIOD - ./FREQ
DELT -PERIOD/H2PCYC
DEI4.GH - (GA) 2-GA.4PkRI )MINC
ISTART '- HPPCYC/4. + 1

XED- ISTART + ZIPrCYC..l
C
C,---> Set up th~e loop for carrying out integration for each step in
C peak atrain.

MICP1 - NINC + 1
DO 7777 j-l,HI)RPI

C
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P'C 10 K.1,NSTEPS
TAU(K)=0.0

10 GA)U4A(Z)-0.0

C-.> Update the peak strain and reinitialize time and Z(1).
C

T - 0.0
Z(1) - 0.0
AMP - G-AW?1 + rEL4GAM*(J-..)
PExSTr(j) '. ADP
PFZQST(J) - RAD3*AMP.'2.

C
C-> Carry cait the integration for the current yeak strain
C

DO 30 K - 1,LN$TRPS
CA'LL INTFUN(Z,T,,DELT,NRQ)

TAU(1+1ý - Z(1)
GAIO4A(K+1) -AMP *DSIN(L%.LWGA*T)

30 CONTINUE
C
C---> Compute damping for the curre~t perkc strain.

TAUHIN - 0.0
TAUMAX - 0.0

CAWl. z4AXIH4(TAIJ,NSTEPS,TAUHIN, TAUHAX)
C

ENGABS - 0.
C

DO 50 1-ISTARTf, fND
ENGKBS - ENGABS + .5 *(TAU(1+l) + TAUCI))

> (GAMMA(1+11 GAMHA(I)i
50 CONTINUE

C
ENGSTO - S *TAUMAX*?MP
ENRGAB(J) - ZGABS
EURGST(J) - ENGSTO
ETZA(J) -EYGArS/(2.*PI*EhNGSTO)
WRIT12(-, '(T,-IY3,3(3X,El0.4))')J,PZAXST(J),1rMGAB(J),ETA(J)

,777 CONTINUE
C

CALL MAXIM (ETA, NIN1CP1, ETAMIN, ETAYM?.)
C
C----> Write results to outnut data file (unit 10, 12, 13, and 14) wid to
r output text file (unit 11).
C

>ISU41, SARI, SGOfI5SG0:IESG0)

> ISUM2,SAR2,YS,SAR3,G

> ISUM3,SAR4,SN(IBSN:IESN) ,SAR5,SALF(IBSALF:IRSALP)
WRITR~ll, (5X, '3 ',12, .. .. A,A,2X,A,A, - ).)

> ISUM4,SAR6,SAh(ThSA:IESA),SAR7,SFT(IBSPTSIESFT)
WRITR(i1,'(5X,"'4 38 0 g~in-=',E9.4,2X,".gi1max-,,E9.4.....

> ETAMIN,ETAMAX

WRITR(13, (lX,2(El6.8, ,)) *) (PKEQST(J) ,ETA(J) ,J-1,HNINCP1)

PRIN -, MAX. LOSS FACTOR- *,ETAMAX
C
1000 FORI'AY(A70)
1001 -FORMAT(2A60)
1200 FORI4AT(' ¾,3X,'1,5X,I7)
1201 FORMAT(' ,3X,2'.5X,17)
1503 FCRMAT(' ,5A,El0.4,5X,E1O.4)
1501 FORMAT(' *,5X,E10.4,5X,E10.4,5X:ElO.4)

STOP
EN~D

SUBROUTrINE DERIV(3,T,%DOT)
IPL7ICZT PXAL-8 (A-H,O-Z)
PLEAL-B OMEGA,T,Z(1),EDOT'(1),KN
co*04O/BLOX1/AMP,QýEGA,'iS,E,G,ALrA,NH,GA0,A,PT,RAD3

r.
C%9A- AP-1?SIK(OMEGA-?)

G"WDCT- * CA 5g A*T
DLTIIGA lABS (GAMMA) - GAW.&G
I?(0DuTAGA.LT.0.0)THEK
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BEA-(1./3.)*(Z*hLFA)t( GAMMA - Z(!)/G +

ZDCT(l) - G-( GAJ4DOT - DAB5(WdIDOT)&jZ(1)-FZTA)/YS)
ELSE

ZDO~V~1) - G*( GAMIDOT - DSGICT)

ELNDIr
ELS2E

RETURN~
END

C

EXAMPLE OF AN INPUT FIL-E:

S)AA Shear Systeratic Modal with Elasticity Outside go
494 psi
l0.56x106 psi

sib8
28.5E06 0.35
8!S5

3
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APPENDIX F

FORTRAN TMAIN, PROGRAM (all subroutines and iunction subprograms that are not

spe Ificaliy related io the calculations being made here are given in Appendix H):
C-----> Program Name: BENDR * OR
C

C"-'Thir program will carry out a Runge-Kutta Integration on the
C tresfs-vttra~n 3quations of the 6MA hysteretic model.

C Note that ineloctic behavior is 2upressed beyond EPSLNO.
C The physical 3Qc"Lsry ia tzat of a rectangulax. beam under bending.
C Plans zbations are ar uaue assumed to remain plane.
C We begin b,, specifying a maximum gaak strain at the surface.
C A linkear airein distribution to acti4med to exist about the
C neutral axia. lfbe height coordinate (iLe. y) is divided into fine
C incremepza and the iAtress in computed f or each of these increments.
C Based oý& the nonlinetax urdaxial streas distributien, the torque
C in computed for each time initant. 7he resulting curves for torq~ue and
C bending nngle will be stored in da&ta files and then will be
C used to calculate the loss facýýor (danping) for that particular
C peak atrain. The peak strain is then incremented and the process
C it repeated until the liael peak strain is used. The results for
C loss factor vs. strain are theis store-d in an ASC2:. data file to, be
C used in plotting with GRAPbRER; ASCUX datl% is arranged In column pairs.
C

C

C FO*4ZKCLATUE
C
C REAL CONSTANTS:
C A Material constant controlling shape o; hystoresiw
C ALFA .=Ey/(E-Fy) where zy ia tae inelasti.u modulus
C AM4P Amplitude of strain Input
C E Youlig's modulus
C EPSLNO Strain beyond which 3itelaatic growth is supressed
C EPSPKI Minimaum peak strain
C EPSPR2 Maximum peak strains
C rREQ Frequency of cyvlic strain i~xpuý.
C FT Material constant con~trolling size of hystereais
C HEIGHT Height. (or thicknnsts) of beam
C Lu-N Length of beam
c N Overstress power (conti~ols starpueon of tra.isitio:. to inel.,
C VFRW Poisson's ratio
C WIDTH Width (or depth) of ieam
C y Stress where damping mechanisms r-re activated
C Yy Height conxdinata of bean otoss-section.
C
C INTEGIR C3NSTANTS:
C NCOCLE No. of zycle3 :of oscillation
C NPPCYC No. of points per clcle to be usee in, in~egration
C NINC No. of increments for th-, range of peak strain
C
C CHARACTER STRINGS:
C FL.EFHME at-ring for filerame as-cignment to a FORTRV4 -init numbe-r
C SALP string f~r matoria:L conetant ALFA
C SA string fcr material constant A
C SE string fcr Young's moduluo E

C C-O string for limiting strrain EPSLHO
C SEP string for peak Purface st :ain applied to L-eem
C SPT string forz xaterial constant FT
C SHEI rtrina !for beax height
C SLEF string for basin length
C SN strin~g for overstress power N
C SWID ztring for beam. width:
C Sy string for strest where damping mechanisms activate: Y
C TITLE descriptive titl(e ior run

C VARIABLE ARRAYS*
ANGLE(K) ?.ng-e of bending curvature (index X represents tix-a)

C EN.RGAB(I) Energy absorbed in one cycle (I represents positiol,)
C ZNRGST(I) Rilergy absorbed in one cycle (I repreEant.. Position!
C EPSLON(Xr,K) Axial strain (index I rep. pos in cross- ection,
C index K rep. ti!ae)
C ETA(I) Lose tactor (I represents position)
C PRAKST(I) Peak strain jindex I represents position)
C PKEC)ST(I) Peak equi-taient strain (index I represen~ts pc7rition)
C STPEVCSo.KR) Axial streez jindex I rep. pos in croco-seation,
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C index K rep. time)
C TORQUEMK End torque acting on beam cross-section (K rep. time)
C Z~K) Axial stress passed from INTPUN (index K rep. time)
C
C SUBROUTINES:
C DERIV Contains the differential eqs. (invoked by IKTPUN)
C INTFUN Integration routine (4th order forward Runge-Kutta)
C MAXIM Determines the min. & max. values of an array
C STRI.EN U2ounts the number of charactera in a string
C
C FUNCTION SUBPROGRAMS:
C ERP(X) Error function of X
C FACT(K) K factorial
C SGN(V) Signum. function of V
C VNIT(X) Unit step function of X

C

II4PLI:':. REAL*8 (A-H,O-Z)
INTEGER NEQ
REAL*8 DERIV,PI.OAT,T,TEND,Z(20) ,NLEN
DIMENSION EPSLON(l01,lO0l),
> STRESS(l0ltl0Ol),TORQUE(10Ol),ANGLE(100l),
> YY(101),ETA(200),PEAKST(200),ENGA(200),ENGS(200)

CHARACTER*2O FILENAME
CHARACTER*7O TITLE
CHARACTER*70 SY, SE,SN, SALP,SEO,SA,-PT,SLEN, SHEI, SWID, SEP
CHAP.ACTER* (*) SARl, SARP, SAR~z, SAR3 , SAP ,,SAR5 ,SAR6 ,SAR7 ,SAR8, SAR9,

> SA10
PA~RAMETER (SARl-'eO-')
PARAMETER (SARP-'eP-')
PARAMETER (SAR2..Y&')
PARAMETER (SAR3..E-..)
PARAMETER 'SAR4-'n-')
PARAMETER (SAR5- * lf a-'
PARAMETER (SAR6- a- )
PARAMETER (SAR7-'fT..)
PARAMETER (EAR8- 'Length-')
PARAMETER (SAR9-&Height-')
PARAMETER (SA1O- Width-')
CO*OAONIBLOKl/AMP,OM.EGA, Y,E,ALPA,N,EPSLNO,A,PT,RATIO

C
NEQ - 1

C
C----> Interactive input of filenames for the material data input file
C and ior output files.
C

WRITE(*,*)'Enter the name of your input data file.'
IPL-9

1 READ(*,2)PILENAME
2 PORMAT(A)
WRITE(*,3)FILENAME

3 FORMAT(' ,3X,A20)
IF(IFI..EQ.9)THEN

OPEN(IFL,PILE--FILENAME,STATUS-*UNKNOWNW)
ELSE

OPEN ( IL, PILE-FILENAME, STATUS- *UNKNOWN )
ENDIF
IF (IPL.EQ.9) THEN
WRITE(*,*)'Enter name of file for Loss Pact. vs. Peak btrain'
IFL-10
GO TO 1

ENDIP
.LF (IPLEQ.lU) THEN
WRITE(*.*)'Enter name for the summary file'
IFL-l1
GO TO 1

ENDIF
IF (IFL.EQ.1l) THEN

WRITE(.*,*)'Filename for ENGABS vs. ENC-STO at each peak strain'
IFL-12
GO TO 1

ENDIF
REWIND 09
REWIND 10
REWIND 11
REWIND 12

C
C--- > Read input quantities from input file.
C

READ(9,5)'rITLE
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PXAD(9, (A,' )SY
REND (9, (A)'- ) SE
READ(9, '(A) ')SN
READ(9, '(A)' )SALP

RE"(9"(A')SLEN
READ(9,-(A)* )SWXD
READ(9,-(A)-)SHZI

5 FORNAT(A)
READ (9,-) E ,VNEW
READ( 9,-) z
9M( 9,-*)ALI'A
READ (9,-)N
READ(9,*)LEN
RED( 9, *)WIDTE, HEIGHT

C----> Interactive input of other material parwetetrs, strain amplitude,
C and number of cycles of loading to be used in calculations.
C

WRpJt(*,*)' Enter EPSLW)7'
REI.AD(5,*)E.-SLNO
WRITE(*,t)' EPSUIO-',EPSLNO
WGRITE(*,*)' Entet character string for EPSLNO'
READ(5,-(A) )SEO

WPITE(*,*)' Enter A AND PT'
RE.D(5,*)A,FT
WRITE(*,*)' A.",A,' PT-',FT
WRITE(*,*)' Enter character string for a'
READ(5, '(A)' )SA
WP.ITE(*, '(1X,' 'SA-' ',A)-')SA
WRITE(*,*)' Enter character string for fT'
R EAD (5, '(A)' )SFT

WRITE(*,*)' Enter No. of points on linear strain profile'
READ(5,*)NGRIDP
WRITE(*,*)' NGRIDP-',NGRIDP
WRITE(*,*)' Enter PREQ, ZPSPK1 and EPSPr%2 (K~in, Max Peak Strair.j)'
READ5,*)PPEQ,EPSPK1,EPSPX2
WRJITE(*,*)' PRRQ-',FREQ,' EPSPKl-',ZPSPKl,' EPSPX2-',EPSPE2
WRITE(*,*)' Enter character string for EPSPK2'
READ(5, (A) )SEP

WRITE(*,*)' Enter Number of Cycles and Number of Points per Cycle'
READ( 5,* )NCYCLE,NPPCYC
WRITE(-,-)' NCYCLE-',NCYCLE,' NPPCYC-',N-PPCYC
WRITE(*,*)' Enter NINC (No. of oncremonts between peak strainz)'
READ(S,*)HINC
WRITE(*,*)' NINC-',NINC

C
C----> Determine length of various character 3trings for later uze.
C

CALL STRLEN( SEO, IBSEO,IESEO)
CALL STRLEN(SEP,IBSEP,IESEP)
CALL STRLEN(SY,IBSY,XESY)
CALL STRLEN(SE,IBSE,IESE)
CALL STIU.EN(SN,IBSN,IESN)
CALL STRLEN (SALE, IBSALF, I!SALF)
CALL STRLEN(SA,IBSA,IUSA)
CALL STRLEN(SFT,IBSFT,IESFT)
CALL STFJ.EN( SLEN, IBSLEN, IESLEN)
CALL STRLEN(SHEI,IBSHEI, IESHItE)
CALL STRLEN(SWID,IBSWID, IESWID)
CALL STRLEN (SA1, IBSARi, I1SAR1)
CALL STRLEN (SARP, IBSARP, IESAIRP)
CALL STRLEN (SAR2 ,IBSAR2 ,IESAR2)
CALL STRLEN (SAR3 ,IBSAR3, IESAR3)
CALL STRLEN(SAR4, IBSAR4 , IESAR4)
CALL STLRLEN(SAR5, IBSAR5, IESAR5)
CALL STRLEN (SAR6, IBSAR6,IESAR6)
CALL STRLEN (SAR7, IBSAR7, IESAR7)
CALL STRLEN (SAR8, IBSAR8, IESAR8)
CALL ST1RLEN (SAR9 ,IBSAR9 ,IESAR9)
CALL STRLEN(SA1O,IBSA1O,IESA1O)

C
ISKJM1 - UESAR1 + IESEO + 2 + IESARP + IESEP
ISUM2 - IESAR2 + IESY + 2 +IESAR3 + UESE
ISUM3 - UESAR4 + IESH + 2 + IESAR5 + IESALF
ISIIM4 - IESAR6 + IESA + 2 + UESAR7 + IESFT
ISUM5 - UESAR8+UESLEN+2+IESAR9+IESHEI+2+IESA1O+IESWID

C
C--> Calculate the quantity Pi-3.14159267..., and other parameters
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C
PI-DACOS(-I.0D0O)
OMEGA - 2.*PI*FREQ
PRINT , PI-',PI,' OMEGA-',OMEGA
HSTEPS = NCYCLE*NPPCYC
NSTPP1 - NSTEPS+&
PRINT •, NSTEPS-',NSTEPS
PERIOD 1./FREQ
DELY - EVZIGHT/NGRIDP
DELT - PERIOD/NPPCYC
DELEPS - (EPSPX2-EPEPKl)/NINC
ISTART - NPPCYC/4. + 1
IEND -ISTART + NP=CYC-1

C
C=---> Set up radial grid.
C

DO 7, I-1,NGRIDP
7 YY(I) - -(HEIGhT/2.) + DELY*(2.*I -1 .)/2.

C
C--> Set up the loop for carrying out integrat-ion for each stfiP in peak
C strain and position in the cross-section.
C

DO 7777 J=1,NINC+l
C
C-> Reinitialize T and Z(l). Clear the arrays used in the integration loop.
C

T - 0.
Z(l) - 0.
DO 9 K-lNSTPP1

DO 8 I-1,NGRIDP
STRESS(I,K) - 0.

8 EPSLON(I,K) 0.
9 CONTINUE

C
C--> Update the peak surface strain.
C

4AMP - EPSPKI+DELEPS*(J-I)
PEAKST(J) - AMP

C
C---> Carry out tha integration at each point in one half of the beam
C cross-section for the current surface strain (only one-half of the
C cross-section need be considered because of symmetry about the
C neutral axis).
C

DO 11 I-I,HGRIDP/2
T = 0.
z(1) - 0.
EPSLON(I,l) = 0.
STRESS(I,1) - 0.
RATIO - YY(I)/(HEIGHT/2.)

DO 10 K - 1,NSTEPS
CALL INTFUN(Z,T,DELT,rEQ)

EPSLON(I,K+l) = -AhT * DSIN(OMEGA*T) * RATIO
STRESS(I,K+l) - Z(1)

10 CONTINUE
11 CONTINUE

C
C----. > Using symmetry, determine stresses and strains for the other
C half of the cross-section
C

DO 13 I-YGRIDP/2+I,NGRIDP
DO 12 K-I,NSTPP1

EPSLON(I,K) - -EPSLON(NGRIDP-I+I,K)
12 STRESS(I,K) - -STRESS(NGRIDP-1+I,K)
13 COFTINUE

C
C---> Computo the acting end torque and angle of beam curvature.
C

DO 15 KX-,HSTPP1
15 TORQUE(K)-0.0

C
DO 25 K-I,NSTPP1

DO 20 I-I,NGRIDP
20 TORQUE(K)-TORQUE(K) + (-YY(}))}STRESS(I,K)*DELY

TORQUE(K) - WIDTH*TORQUE(K)
ANGLE(K) - 2.*LEN*EPSLON(I,K)/HEIGHT

25 CONTINUE
C
C-> Compute damping for the current peak surface strain.
C

CALL MAXIM( TORQUE, NSTPP1, TORHIN, TORMAX)
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CALL MAXINCANGLE ,NSTPP1 ,ANM4IN, ANGMAX)
ENGABS - 0.

C
DO 5O I-ISTART,IEND
ENGABS - ENGABS + .5 - (TORQUE(X+1) + TORQUEE(I))

> (ANGLF.(T+l) - ANGLE(I))
50 CONTINUE

ENGSTO - . S*TORHAX*AINGMAX
ENGA(J) - ENGABS
ENGS(J) - ENGSTO
ETA(J) - ENGABS/(2.-PI*ENGSTO)
WRITE(*, (3X,I3,2(3X,ElO.4)) )J,PEAKST(J),ETPA(J)

7777 CONTINUE
CALL MAXIM(ETA,NINC,ETAHIN,ETAMAX)

C
C--> Write results to output data file (unit 10) and to
C output text file (unit 11).
C

WRITE(10,'(1X,2(El6.8 ...... (PE.AST (J) ,ETA(J) , J-1,NINC)
WRITE(12, *(11,2(216.8," ,')) *) (ENGS(J) ,ENGA(J) ,J-1,NINC)
WRITE(ll, (SX,"1, ',12, .. ... A,A,2X,A,A,"..).)

> ISUH1,SARl,SEO(IBSEO:I:ESEO),SARP,SEP(IBSEPtIESEP)

> SUM2,SAR2,SY(IBSY:IESY),SAR3,SE(IBSE:IE-SE)

> IS0M3,SAR4,SN(IBSN:IESN),SAR.5,SALF7(IBSALF:IESALF)

> ISUM4,SAR6,SA(1BSA:IESA) ,SAR7,SFT(IBSPT:IESPT)

> ISUMS5,SAR8,SLEN(IBSLEN:IESLEN),
> SAR9,SHEI(IBSlIEI:IESHEI),
>SAl , SWID( IBSWID3 IESWID)

WRITE(11,'(SX,"'S 26 "Peak Loss Factor=-,E9.3,......)ETAMAX
PRINT * , MAX LOSS PACTOR-*,ETAMAX

C
1000 PORYAT(A703
1001 FORMAT(2A60)
1200 FORMAT(' ,3X,.V,5X,X7)
1201 FORMAT(' ,3X,'2,SX,I7)
1500 FORMAT(' ,5X,ElO.4,SXE1O.4)
1501 PORMAT( ',5X,E10.4,5X,E10.4,5X,E10.4)

STOP
END

SUBROUTINE DERXV( Z ,T, DOT)
IMPLICIT REAL-8 (A-H,O-Z)
INTEGER NEQ
REAL-8 OMEGA,T,Z(20) ,ZDOT(20) ,NN
COM4ON/BIOK1/AMP,OMEGA,Y,E,ALFA,NN,EPSLNO,A.FT,RATIO

C
EPSLON - -AMP - OSIN ( OEGA-T) - RATIO
EPDOT - -AMP - OMEGA *DCOS(OMEGA*T) *RATIO

DLTAEP - DABS(EPSLON) -EPSLNO

IF(DLTAEP.LT.0.0)THEN
BETA-(E-ALPA)-( EPSLON -Z(1)/E +

> FT*ERP(A*EPSLON)*UNIT( -EPSLON*EPDO7)
IF(NN.EQ.1.0)THEkI

ZDOT(1) - E-( EPDOT -
> DABS(EPDOT)*(Z(1)-13ETA)/Y

ELSE
ZDOT(1) - E-( EPDOT - DABS(EPDOT)*

>(DABS(Z(1)-BETA)/Y)**(NN-7.)*
> (Z(1)-BETA)/Y

ENDIF
ELSE

ZDOT(1) - E*EPDOT
ENDIF
RETURN
END

C
C------>BENDR. FOR

EXAMPLE OF AN INPUT FILE:

SMA Hysteretic Model with Elasticity outside eO
855 psi
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28.5xl06 psi
3
.818
20 in
1 in
.5 in
28.5E06 0.35
855.
0.818
3
20.
1. .5

EXAMPLE OF A BATCH FILE TO RUN BENDR ON THE CODE 281 MICROVAX:

set def [.hysteresis]
r bendr
bendr. inp
bendr.dat
bendr.txt
benrg.dat
11e-4
1,0o-4
80000. 4.e-5
80000
4.0e-5
20
1.0 .25e-4 1.75e-4
1.75e-4
2 100
20
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APPENDIX G

FORTRAN MAIN PROGRAM (all subroutines and function subprograms that are not
specifically related to the calculations being made here are given in Appendix H):

C---- > Program Name: TORRANGE. FOR
C
C---> This program will carry out a Runge-Kutta integration on the
C stress-strain equations of the SMA hysteretic model.
C Note that inelastic behavior is supressed beyond GWi4MAO.
C The phyuical geometry is that of a solid cylinder under torsion.
C Plane stress conditions are assumed (pure shear to be specific).
C We begin by specifying a minimum peak strain at the surface.
C A linear strain distribution is assumed to exist in the circular
C cross section. The radial coordinate is divided into fine
C increments and the stress is computed for each of thece increments.
-C Zsed on the shear stress distribution, the resulting torque is
C computed for each time instant. The resulting curves for torque and
C overall sample twist will be stored in data files and then will be
C used to calculate the losz factor (damping) for that particular
C peak strain. The peak strain is then incremented and the process
C is repeated until the final peak strain is used. The results for
C loss factor vs. strain are then stored in an output file to be used
C in plotting with GRAPHER; ASCII data is arranged in column pairs.
C

- ------ -
C
C HOM4ENCIATUjRE:
C
C REAL CONSTANTS:
C A Material constant controlling shape of hysteresis
C ALFA -Ey/(E-Ey) where Ey is the axial inelastic modulus
C AMP Amplitude of strain input
C DIA Diameter of shaft
C E Young's modulus
C G Shear modulus {-E/[2(1+VNEW)]}
C GAMMA0 Strain beyond which inelastic growth is supressed
C GAMPK1 Minimum peak strain
C GAM•P2 Maximum peak strain
C FREQ Frequency of cyclic strain input
C PT Material constant controlling size of hysteresis
C LEN Length of Shaft
C N Overstress power (controls sharpness of transition to inel.)
C RADIUS Radius of shaft
C VNEW Poisoon"s ratio
C Y Axial stress whet:e damping mechaniams are activated
C YS Shear stress where aamping rechanisms are activated
C
C INTEGER CONSTAITS:
C NCYCLE No. of cycies of oscillation
C NPPCYC No. of points per cycle to be used in intecration
C NINC No. cf increments for tht range of peak strain
C
C ClIRRACTER ST'RINGS:
C ..-LEIAhME string for filerame assignment tc a FORTRAN unit number
C SALF strir.g for material constant iLPA
C SA string for aaterial constant A
C SDi2T string for ge--metric constant DIA
C SG 3triug for Y&eng's modulus G
C SGO strln5 for limiting atriin GAMMAG
C SFT string lor material constan~t FT
C SLEN string fo-, geonetrlc constant LEN
C SN string to.: overstress power V
C SYS .tring for shear stresx "jhere dampin¶, mechanisms activate
C TITLE descriptive title :or run
C
C VARIBLE ARRAYS.
C ?-.NLE(K) Argle of twist of shaft (indei. K zapresenta time)
C EHRGAB(I) Energy abgor-bed in onqe cycle (I repleseet,; position)
C ENRGST(I) Energy absorbed JD one cycle KI reprc.srits positio.)i
C G10.It: :,N) Shear strain (inde' I rep. position, X rep. time)
C ZTA Loss factor (I reprejelits position)
C PEAASYI) reak strain (index I represent• position)
C PKEQST(il Peak equivdlent strain (index I represepta position)
C TAU(I,K) Shear strevi (index I isep. positi•i., X rep. time)
C TORQUE(K) Resultan, terque acting on shaft
C Z(K) Shear ctrase passed frc' INTIUN (LN.dex K iep. tie&)
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C
C SUBROUTINES:
C DERIV Contains the differential eqs. (invoked by INTFUfl)
C INTFUN Integration routine (4th order forward Runge-Eutta)
C MAXIM Determines the min. & max.* values of an array
C STRLEN Counts the number of characters in a string
C
C FUNCTION SUBPROGRAMS:
C ERP(X; Error function of X
C FACT(K) K factorial
C SGN(V) Signum function of V
C tJNIT(X) Unit step function of X
C
C-
C

IMPLICIT REAL*S (A-N,O-Z)
INTEGER REQ
REhL-8 DERIV,FLOAT,T,TEND,TOL,Z(20),N,LE.N
DIMENSION GAMM(l01,l00l) ,TAU(l0l,1001),
> TORQUE(1001),TWIST(lO00),
> ~R(l0l),ETA(200),P EAK ST(200),ENGA(200),ENGS(200)

CHARACTFR*20 F ILE NAME
CHARACTER*70 TITLE,SYS,SG, SN, SALF,5GO, SA, SPT,SLEN,SDIA,SGP
CHARACTER* (*) SAR , SAR2 ,SAR3, SAR4 ,SAR5,SAR6, SAR7,SAR8, SAR9, SARP
PARAMETER (SARI-'gO-')
PARAMETER (SARP- gP-')
PARAMETER (SAR2..'Ys.")
PARAMETER (SAR3-'G-')
PARAMETER (SAR4-'n-')
PARAMETER (SARS-'a-')
PARAMETER (SAR6-' a-')
PARAMETER (SAR7."fT""')
PARAMETER (SAR8- 'Length-')
PARAMETER (SAR9-'*Diameter-')
COMI4ON/BLOK1/AMP,OMEGA,YS,E,G,ALFA,N,GANMAO,A,PT,RAD3,RATIo

C
- 1

C
C----'> Interactve input of filenames for the material data input file
C and for output files.
C

WRITE(',*)'Enter the name of your input data file.'
IPL-9

I REPD(-,2)FILENAME
2 PORMT (A)

WRIT ( * ,3)FILENAME
i FCRHAT(' ',3X,A20)

IP(tFM.EQ.9 )TNEN
OPEN;(tFL,FILE-FILENAME,STATUS-'UNKNOWN.')

ELSE
OPEN (-Lt, FILE-FILENAME, STATUS- *UNKNOWN')

EkJDIF
IF (IFL.EQ.9) '2HEN

WITE(-,*)'En'er name of file for Loss Fact. vs. Peak Strain'
IF?,-10
GO 9\v I

XF (IFL.EQ.10) THEN
WRI'!T(*,*)'Enter name for the summary file'
X.FL-1l
Go TO 1

ENDIF
-F (IFl.EQ.ll) THEN
#7RITE(*,*')?i~ename, for ENGABS and ENGSTO at each peak strain.'
IFL-12
GO TO 1

REWD41D 09
REWIHD 10

RFZO 12

C
C=-~- ftaJI nput quantitti3:3 from input file.

READ 9-(A,)¶trLE

'E, (:(A)' )SG
RZAD(e, (A) ')SN
READ 9, (A) ')SEAU
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5 PORJ4AT(A)
READ (9,-*)E ,VNEW
RE.AD( 9, *) Y
READ( 9,-*)ALPA
READ(9,-)*
PRhTD(9,*)LEN

READ(9,-)DIA

C-> Interactive input of other material paramapters, strain amplitude,
C and number of cycles of loading to be used in calculations.
C

WRITE(*,*)' Enter GANMAO'
READ (5, *)GAHHAO
WRITE(*,*)' GA)04A0-'',GAMH)A0
WRITE(*,*)' Enter character string for GAIO4AO'
READ(5, '(A)' )SGO
WRITE(*, '(lX, SGO' *,A) ')SGO
WRITE(*,*)' Enter A ANID PV
REA.D(5,*)A,FT
WPJTE(*,*)' A-',A,' FT'.',PT
WRITE(*,*)' Enter character string for a'
READ(5, '(A) ' )SA
WRITE(*, '(11, *SA=' ,A)'*)SA
WRITE(*,*)' Enter character string for WT
READ(5, '(A)' )SPT
VRITE(*,'(lX,''SFT-'',A)')SPT
WRITE(*,*)' Enter No. of points on linear strain profile'
READ(5,*)NGRIDP
WRITE(*,*)' NGRIDP..',NGRIDP
WRITE(*,*)' Enter FREQ, GANPKl and GANPK2 (Min, Max Peak Strains)'
READ(S,*)PREQ,GAHPK1,GAHPIK2
WRITE(*, *)' FREQ-' ,PREQ, * GAMPKl-' ,GANPK1,' GANPKt2-' ,GANPK2
WRITE(C*,*)' Enter character string for GANHAP'
READ(5, '(A) ')SGP

WRITE (*~,*)' Enter Number of cycles and Number of Points per Cycle'
READ(5,*)NCYCLE,NPPCYC
WRITE(*,*)' NCYCLE..',NCYCLE,' KPPCYC-',NPPCYC
WRITE(*,*)' Enter NINC (No. of increments between peak strains)'

WRI-TE(*,*)' NINC-',NINC
GAHKAP - GAMPPK2

C
C--> Determine length of various character strings for later use.
C

CALL STRLEN (SGO, IBSGO, IESGO)
CALL STRLEN(SGP,IBSGP, IESGP)
CALL STRLEN(SYS, IBSYS, IESYS)
CALL STRLEN(SG,IBSG,±r.SG)
CALL STRLEN(SN,IBSN,IESN)
CALL STRLEN(SALP, IBSALP, IESALP)
CALL STRLER(SA,IBSA,IESA)
CALL STRLEN(SPT,IBSPT,IESPT)
CALL STRLEN (SLN, IBSLEN, IESLEN)
CALL STRLEN (SDIA, IBSDIA, IESDIA)
CALL STRLEN (SARi, IBSARl, IESARl)
CALL STRLEN (SARP, IBSARP, IESARP)
CALL STRLEN (SAR2 ,IBSAR2 ,IESAR2)
CALL STRLEN (SAR3, IBSAR3, IESAR3)
CALL STRLEN ( AR4, IBSAR4 ,IESAR4)
CALL STREN ( SAR5, IBSARS, IESARS)
CALL STRLEN( SAR , IBSAR6 , ESAR6)
CALL STRLEN (SAR7, IBSAR7, IESAR7)
CALL STRLEN (SAR8, IBSARS, IESAR8)
CALL STRLEN (SAR9, IBSAR9 ,IESAR9)

C
151111 - IESARl + IESGO +2 + IESARP + IESGEP
151112 - IESAR2 + IESYS *2 + IESAR3 + IESG
151113 - IESAR4 + IESN + 2 + IESAR5 + IESALP
150144 - IESAR6 + IESA + 2 + IESAR7 + IESFT
151115 - IESAR8 + IESLEN + 2 + IESAR9 + IESDIA

C
C-> Calculate the quantity Pi-3.14159267..., and other parameters
C

PI - DACOS(-l.ODOO)
p7JD3 - 3*.
G -E/(2.*(l+VNEW))
YS -Y/RAD3
OMfEGA -2.*PI*PREQ
PRINT *'Pl-',PI,* O#4EGA-',OMEGA
NSTEPS -NCYCLE'IIPPCYC
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NSTPP1 = lSTEPS+l
PRINT ~,NSTEPS-',NSTEPS
PERIOD 1-/l.PPEQ
RADIUS -Dm1/2.

DELR - (DIA/2.)/NGRIDP
DELT - PERIOD/NPPCYC
PRINT *,'DELFR..,DELR,* DELT-',DRLT
DELGAM - (GAmpK,2-GAJ4PXl) /NINC
PRINT *,'DELGAM-' ,DELGAM
ISTART - NPPCYC/4. + 1
IEND - ISTART + NPPCYC-l

C
C-> set up radial grid.
C

DO 7, I-l,NGRIDP-l
7 R(I)-DELR*I
R(NGRIDP)-RADIUS

C
C-> Set up the loop for Carrying out integration for each step in
C peak strain.
C

DO 7777 J-l,NINC+l
C
C-> Clear the arrays f or shear stress and strain.
C

DO 9 K..l,NSTPPl
DO 8 1-l,NGRIDP

TAU(I,K) - 0.
a GAMZ4A(IK) - 0.
9 CONTINUE

C
C-> Update the peak strain and reinitialize time and Z(1).
C

T - 0.
Z(l) - 0.
AMP - GAMPK1+DELCAM*(J-1)
PEAKST(J) - AMP

C
C- --- > Carry out the integration at each point along the radial
C coordinate of the circular cross-section, for the current
C surface strain.
C

DO 11 I-1,NGRIDP
T - 0.
Z(1) - 0.
GANMA(I,l) - 0.
TAU(I,l) - 0.
RATIO = R(I)/RADIUS

DO 10 K - 1,NSTEPS
CALL. INT FUN (Z,T,DELT,NEQ)

TAU(I,K+l) - Z(1)
GAiO4(I,K+l) - AMP * DSIN(ONEGA*T) *RATIO

10 CONTINUE
11 CONTINUE

C
C----> Compute the acting torque and angle of twist of the shaft.
C

DO 15 K-1,NSTPP1
15 TORQUE(E)=0.0

C
DO 25 K-1,NSTPP1

DO 20 1-1, NGRIDP-l
20 TORQUE(K)-TORQUE(K) + R(I)-TAU(I,K)*2.*PI*R(I)*DELR

TORQUE(K)-TORQUE(K) + CRCNGRIDP)-DELR/4.)*TAU(NGRIDP,K)*
> 2.*PI*(R(NGRIDP)-DELR/4. )*DELRI2.

TWIST(K) - GAMMA(NGRIDP,K)'LENIRADIUS
25 CONTINUEr

C
C----> Compute damiping for the current peak strain.
C
C

CALL I4AXIM( TORQUE, NSTPP1 ,TORMIN, TORMAX)
CALL MAXII( TWIST, NSTPP1, TWIMIN, TWIHAX)
ENGABS - 0.

C
DO 50 I-ISTART,IEND

ENGABS - ENGABS + .5 * (TORQUE(I+l) + TORQUE(I))*
> (TWIST(I+l) - TWIST(I))

5o CONTINUE
C

ENGSTO - . 5*TORNAX*TWIMAX
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ENGA (J) - ENG."S
ENGS(J) - ENGSTO
ETA(j) = ENGABS/(2.*PI*ENGSTO)
WRITh(*,'(3X,13,2(3X,E1O.4))')J,PEAKST(J).ETA(J)

7777 CONTINUE
CALL MAXIM(ETA,NINC, ETAMIN, ETAMAX)

C
C-> Write results to output data file (unit 10, 12, 13, and 14) and to
C output text file (unit 11).
C

WRITE(10, (lX,2(E16.8, ,I)') )(PEAXST(J) ,ETA(J) ,J-1,NINC)
WRITE(12,'(1X,2(E16.8,'",))')(ZUGS(J),ENGA(J),J-1,NINC)
WRITE(l1,'(5X,0' ',12... ....A,A,2X,A,A.....)')

> ISUM1,SArfl,SGO(IBSG0:IESG0),SARP,SGP(XBSGP!TESGP)
1eRITE(11, (5X,'' '1 ,12, .. .. A,A,2X,A,A .... ).)

> ISUM42,SAR2,SYS(IBSYS:IESYS),SAR3,SG(IBSG:IESG)

>ISUM3,SARA,SN(IhSN:IESN) ,SAR3,SALF(IBSAIP:IESALF)

> ISUM4,SAR6,SA(IBSA:IESA) ,SAR7,SPT(IBSPT:IESPT)

>ISUM5. SAR8,SLEN(IBSLEN:IESLEN) ,SAR9,SDIA(IBSDIA:IESDIA)
WRITE(ll,'(5X,''5 26 g-'',E9.4,2X,'SDC-',E9.4,....)')ETA,SDC
WRITE(11,'(5X,"6 32 "Peak Loss F---ctor--,E9.3.....)')ETAMAX
PRINT *,'* MAX LOSS PACTOR& , ETAMAX

C
1000 PORMAT(A70)
1001 PORMAT(2A60)
1200 FORMAT(' *,3X,12',SX,17)
1201 FORMAT(' *,3X,'2',X,I7)
1500 FORMAT(' ,5X,E1O.4,5X,E10.4)
1501 FORMAT(' *,5X,E1O.4,5X,Z1O.4,5X,E1O.4)

STOP
END

SUBROUTINE DERIV( S,T, ZDO'T)
IMPLICIT REAL*8 (A-H,O-Z)
INTEGER NEQ
REAL*8 OMEGA,T,Z(20) ,ZDOT(20) ,NN
COMMON/BLOK1/AMP,OMEGA,YS,E,G,ALFA,N14,GAMMAO,A,pT,RAw3,RATIO

C
GAMMA AMPj DSIN(O+4EGA*T) * RATIO
GANDOT -AMP *OMEGA *DCOS(OMEGA*T) * RATIO
DLTAGA -DABS(GANMA) -GAMHAO

IF(DLTAGA.LT.0.0)THEN
BETA=(1./3.)*(E*ALFA)*( GAMMA - E(1)/G +

> pRiAf3*FT*ERFP(A*GAMMA/RAD3) *UHIT( -GAMMA*GAMDOT)
IF (Nl. EQ.1.0) THEN

ZDOT(1) - G*( "ANDOT - DABS(GAMDOT)-(Z(1).-SETA)/YS
ELSE

ZDOT(l) - G*( GANDOT - DABS(GAMDOT)*
> (DABS(Z(1)..BETA)/YS)**(NN-1)*
> (Z(1)-BETA)/YS

ENDIF
ELSE

ZDOT(l) = G-GAMDOT
ENDIF
RETURN
END

C
C------=->TORRANGE . OR

EXAMPLE OF AN INPUT FILE:

SMA Hysteretic Shear Model with Elasticity outside go
494 psi
10.56x106 psi
3
.818
2 in
.5 in
28.5E06 0.35
855.
0.818
3
2.
.5
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EXAMPLE OF A BATCH_ FILE TO RUN TORRANGE ON THE CODE 281 MICROVAX:

set def [.hysteresis]
r torrange
torrange. inp
torrange.dat
torrange .txt
torrenrg .dat
1.56e-4
1.56e-4
80000. 4.e-5
80000
4.0e-5
40
1.0 .05e-4 2.57e-4
2.57e-4
2 100
20
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"APPENDIX H

GENERAL SUBROUTINES AND FUNClION SUBPROGRAMS USED IN THE FORTRAN
PROGRAMS IN APPENDICIES B-G:

c title: strlen.for
c
c author: shw
c Turbulence Research Laboratory
c SUNY @ Buffalo
c
c trlscott@ubvxs
c
c functions
c find the first and last character in a string
C
c inputst
c string - character string
C
c outputs:
c ib - first non-blank character
c ie - last non-blank character
c
c subroutines requiredi
c
c modifications:
c

subroutine strlen(string, ib, ie)
character string* (*)
j - len(string)
do 10 i-j,1,-l

if(string(i:i) .ne. ) goto 20
10 continue

ie - 1
ib - 1
return

20 ie - i
do 30 i-l,j

if(string(i:i) .ne. ' goto 40
30 continue
40 ib-i

return
end

SUBROUTINE MAXIM( F, NPOINT, FMIN, FMAX)
IMPLICIT REAL*8 (A-H,O-Z)
DIMENSION F(1001)
FMAX - 0.
FNIN - 0.
DO 10 I-1,NPOINT-1

IF(F(I+l) .GT.FMAX)THEN
FMAX - F(I+I)

ENDIF
IF(F(I+l) .LT.FMIN)THEN

FMIN - F(I+l)
ENDIF

10 CONTINUE
RETURN
END

REAL*8 FUNCTION UNIT(X)
REAL*8 X
"IF(X.LT.O.0)THEN

UNIT-0.0
ELSE

UNIT-I.0
ENDIF
RETURN
END
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REAL-8 FUNCTION ZRP(X)
IMPLICIT REAL*8 (A-H,O-Z)
INTEGER K
PI - DACOS(-l.0D00)

C

ER!' - 1.0000
GO TO 500

ELSEIF(X.LT. -3.0D00)THEN
ERP - -1.ODOO
GO TO 500

ELSE
TOL - .0001
K -0
KN4AX - 35
SERIES - 1.
THULT - 2.*X/(PI**.5)

100 K- X+ 2
IF(K.GT.YD4AX)THEN
PRINT *,' K - IMAX ERP(',X,')-,ERP
GO TO 500

ENDIF
PRIOR - SERIES
ODDTRM - (-I)*( DABS(X)**(2.*(K-1)) )

EVHTRH - ( DABS(X)*-(2.*K) )/( FACT(K)*(1+2*K)
SERIES - SERIES + ODDTRM + EVNTRH
ERF1 - THULT * PRIOR
ERP2 - THULT * SERIES
DELTA - ERP2 - ERF1
ADELTA - ABS (DELTA)
IF(ADELTA.LE .TOL)THEN

ERP - ERP2
GO TO 500

ELSE
GO TO 100

ENDIF
ENDIF

500 RETURN
END

REAL-8 FUNCTION FACT(K)
IMPLICIT REAL*B (A-H,O-Z)
INTEGER I,K
IF(K.EQ.0.OR.K.EQ.1)THEN
FACT - 1.0
GO TO 20

ELSE
FACT - 1.0
DO 10,I-2,K
FACT - FACT*I

10 CONTINUE
ENDIP

20 RETURN
END

REAL-S FUNCTION SGN(V)
REAL*8 V
IF(V.LT.0.0)THEN
SGN--l.0

ELSE IF(V.EQ.0.0)THEN
SGN-0.0

ELSE
SGN-1.0

ENDIP
RETURN
END

SUBROUTINrE INTFUN(X. TIME,T,ZI)
IMPLICIT PRIJ,*8 (A-H,O-Z)

C I - STATE VECTOR
C TIME - RUNNING TIME
C T - TIME INTERVAL
C N - DIMENSION OF THE STATE VECTOR
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DIMENSIONI X(20),D(20;,A(20,5),XB(20)

DATA XUSE/l/

C INITIASLIZE

XINC- 0
RHIN- 0
EMCX= 1.2-OS

TIN- TLME
TOJUT- TIN + T

- TIN - 1EGIfNHING OF INTERVAL
C TOUT -END OF THE INTERVNI,

IF(IKUSE .WE. 0)H-T
IP(KUSZ ý.EQ. 0)H.ESAVE
Ku- 0

3KUSE- 0

C W?-ECR&TXON ALGORITHK BENTEHN 22 AND 19

DO 101 I-IN

22 R-
1s CA"', DERXV(X,rIME,D)

GO TO (10 0
,20

0
,
30 0

,
40 0

,500),X

100 DO 11 I-1,N

11 A(II)- DB(I)*H/3.l

TIME- TIN 4 9~/3.00

GO TO 15

Zoo DO 12 I.-1,l
I, ).2(I)*H/3.00

12 X(1)=Xfl(I)+0.50'-( A(1,1)+A(I,2)

K-]K+1
GO To 1s

300 DO 17 I-1,N
A(I,K)- D(I)*H/3.O0

17 X(I)- XB(I)+(3.0 * 4%(I~1)49.0*ACI,3))/8.O0

TIME- TIN + 0.50*H
X- K+l
GO TO 15

400 DO !A I-1,Y

TIME- TIN + H
K-K+1
GO TO 15

500 DO 19 11l,N
A(I,K)- D(I)-H/3.00

19 X(I)-XB(I,+.5*(AL(I,l)+4.*A(1,4)+AII,S))

C COMPUTE T9E TRUNCATION ERROR
C INTEGRATION ALGORITHM BETWEEN 22 AnD 19

ERPOR- 0.00

DO 21 1-1,N

21 ERROR-~ D*AKC1(ZRROR,0ADS(TE))

IF( ERROR .GE. EMAX )CO TO 33

DO 32 I-1,N
32 rZB(I)- X(I)

Tfl1- TIME
IF;TDM~ EQ. TOUT)GO TO 39
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TREM- TOUT - TIME
IF(TREM .GT. H)GO TO 31
HSAVE- H
RH- 1
H- TREM
GO TO 22

31 IP(TREH *LT. C2.00-H))GO TO 22
IF(ERROR .GT. EHXN)GO TO 22

RIEC- KINC+1
XF(KINC .LT. 3)GO TO 22
H- 2.00*H
KINC- 0
GO TO 22

33 H- H/2.00
flP(H .LT. HHIN)GO TO 35
TIME- TIN

D~O 34 I-1,N
34 X(l)- XB(I)

GO TO 22
35 WRITE(*,*)'H IS LT HMIN. TERMINATED.-

GO TO 40

39 IF(KH .EQ. 1)RETURN
HSAVE- H
RETURN

40 STOP
END
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